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Abstract
In the SO(5)×U(1) gauge-Higgs unification (GHU), Kaluza-Klein (KK) excited states of charged
and neutral vector bosons, W (1), W
(1)
R , Z
(1), γ(1) and Z
(1)
R , can be observed as W
′ and Z ′ signals
in collider experiments. In this paper we evaluate the decay rates of the W ′ and Z ′, and s-
channel cross sections mediated by W ′ and Z ′ bosons with final states involving the standard
model (SM) fermion pair (ℓν, ℓℓ¯, qq¯′), WH, ZH, WW and WZ. W ′ and Z ′ resonances appear
around 6.0 TeV (8.5 TeV) for θH = 0.115 (0.0737) where θH is the Aharonov-Bohm phase in the fifth
dimension in GHU. For decay rates we find Γ(W ′ → WH) ≃ Γ(W ′ → WZ) (W ′ = W (1), W (1)R ),
Γ(W (1) → WH,WZ) ∼ Γ(W (1)R → WH,WZ), Γ(Z(1) → ZH) ≃
∑
Z′=Z(1),γ(1) Γ(Z
′ → WW ),
and Γ(Z
(1)
R → ZH) ≃ Γ(Z(1)R → WW ). W ′ and Z ′ signals of GHU can be best found at the
LHC experiment in the processes pp → W ′(Z ′) +X followed by W ′ → tb¯, WH, and Z ′ → e+e−,
µ+µ−, ZH near the W ′ and Z ′ resonances. For the lighter Z ′ (θH = 0.115) case, with forthcoming
30 fb−1 data of the 13 TeV LHC experiment we expect about ten µ+µ− events for the invariant mass
range 3000 to 7000 GeV, though the number of the events becomes much smaller when θH = 0.0737.
In the process with WZ in the final state, it is confirmed that the leading contributions in the
amplitude from the longitudinal polarizations of W and Z in the s-, t- and u-channels cancel with
each other so that the unitarity is preserved, provided that all KK excited states in the intermediate
states are taken into account. Deviation of the WWZ coupling from the SM is very tiny. Exotic
partners t
(1)
T and b
(1)
Y of the top and bottom quarks with electric charge +5/3 and −4/3 have mass
M
t
(1)
T ,b
(1)
Y
= 4.6 TeV (5.4 TeV) for θH = 0.115 (0.0737), becoming the lightest non-SM particles in
GHU which can be singly produced in collider experiments.
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1. INTRODUCTION
At the LHC,W ′ and Z ′ are searched with various decay modes: decay to lepton pairs (ℓℓ¯,
ℓν, νν¯) [1–6], a pair of top and bottom [7–9], qq¯-dijet [10, 11],WH(→ ℓνbb¯) and ZH(→ ℓℓ¯bb¯)
[12–15] and WW and WZ [16–22]. In the models with extra dimensions, W ′ and Z ′ appear
as Kaluza-Klein (KK) excited states of charged and neutral vector bosons. The couplings
of W ′ and Z ′ to fields in the standard model (SM) depend on the details of the models. For
example, in the minimal universal extra dimension (mUED) model [23], the conservation
of KK number forbids tree-level couplings of KK-excited states to the SM fields so that
production of W ′ or Z ′ in the collider experiment is highly suppressed.
Non-vanishing couplings of W ′ and Z ′ to the SM fields in models with extra-dimensions
originate from the violation of the KK number conservation which reflects the translational
invariance in the direction of the extra dimensional space. The KK number conservation is
broken by, for instance, domain-wall like bulk mass terms, brane localized mass terms to
the fermion, or warped extra dimensions. It is well known that in the models in which SM
fields live in the warped bulk space, couplings among fermions and KK-excited gauge bosons
are non-vanishing and can be large. In the minimal SU(3) gauge-Higgs unification (GHU)
model [24] there are no W ′ or Z ′ couplings to the SM fields. In a custodially-protected
warped extra dimensional model [25], WW and WH diboson signals have been studied.
The GHU provides a natural scenario for solving the gauge hierarchy problem. Many
advances have been made in this direction recently [24, 26–71]. In the present paper, we
evaluate couplings of KK excited gauge bosons to the SM gauge boson, Higgs boson, and
fermions, and study collider signals of W ′ and Z ′ in the SO(5) × U(1) GHU model which
naturally incorporates the Higgs boson of mass mH = 125 GeV and gives almost the same
phenomenology as the SM at low energies [46–49]. In the previous work [47], we reported
that in hadron collider experiments large Z ′ signals are expected due to the large couplings
of right-handed fermions to the KK-excited gauge bosons [72]. In the present paper we
evaluate cross sections not only with fermionic final states but also with bosonic WH , ZH ,
WW and WZ final states.
In the warped space, in general, it is difficult to evaluate couplings among various fields
as they should be calculated in their mass eigenstates. One remarkable feature of the GHU
is that the Higgs VEV can be eliminated by a large gauge-transformation and its effect is
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transmitted to the change in the boundary conditions so that one can obtain mass eigenstates
easily. In the previous work [49], it is found that KK non-conserving couplings HW (m)W (n)
and ZW (m)W (n) (m 6= n), including HWW (n) and ZWW (n), are non-vanishing, and we
used them in the calculation of the H → Zγ decay rate .
This paper is organized as follows. In Sec. 2, the model is introduced . In Sec. 3 decay
width and cross sections formulas are given. In Sec. 4 we introduce effective theories to
qualitatively describe salient relations among various decay widths. In Sec. 5, couplings and
decay widths of W ′ and Z ′ are evaluated in GHU. In Sec. 6 cross sections are evaluated.
W ′ and Z ′ signals in pp collision experiment at LHC are explored. We also show how the
unitarity in the process du¯→ WZ is ensured by including contributions from KK states of
vector bosons and fermions in the intermediate states. Sec. 7 is devoted to summary. In
Appendix A SO(5) generators and basis functions in the analysis are summarized. In Ap-
pendices B and C masses and wave functions for bosonic and fermionic KK states are given,
respectively. In Appendix D fermion couplings to vector bosons and the Higgs boson are
summarized, whereas cubic vector couplings and Higgs couplings are given in Appendix E.
In Appendices F and G, formulae for decay widths and scattering cross sections are sum-
marized, respectively.
2. MODEL
We consider five-dimensional (5D) gauge theory in the Randall-Sundrum space-time,
whose metric is
ds2 = e−2σ(y)ηµνdxµdxν + dy2 = GMNdxMdxN , (2.1)
where ηµν = diag(−1, 1, 1, 1). Here σ(y) = k|y| for −L ≤ y ≤ L and σ(y + 2L) = σ(y) is
satisfied. k is the AdS5 curvature. y = 0 and y = L boundaries are referred to as the UV
(ultraviolet) and IR (infrared) branes, respectively. The Kaluza-Klein (KK) mass scale is
given by
mKK ≡ πk
ekL − 1 , (2.2)
and when kL & 5, it is followed by mKK ≪ k, L−1.
This space-time has symmetric under the Z2 reflection y → −y, and fundamental region
of the extra dimension is given by 0 ≤ y ≤ L. In this region we introduce a new coordinate
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z = eky, with which the metric becomes
ds2 =
1
z2
(
ηµνdx
µdxν +
dz2
k2
)
. (2.3)
Note that ∂y = kz∂z and Vy = kzVz for a vector field VM .
In the 5D bulk space there are SO(5) and U(1)X gauge fields, four SO(5)-vector fermions
per generation Ψga (a = 1, 2, 3, 4, g = 1, 2, 3), and NF SO(5)-spinor fermions ΨFi (i =
1, · · · , NF ). We note that each of Ψ1 and Ψ2 is an SU(3)-color triplet.
The bulk part of the action is given by
Sbulk =
∫
d5x
√−G
{
−1
2
trGMRGNSF
(A)
MNF
(A)
RS −
1
4
GMRGNSF
(B)
MNF
(B)
RS
+
1
2ξ(A)
(f
(A)
gf )
2 +
1
2ξ(B)
(f
(B)
gf )
2 + L(A)GH + L(B)GH
+
3∑
g=1
4∑
a=1
Ψ¯gaD(cga)Ψga +
NF∑
i=1
Ψ¯FiD(cFi)ΨFi
}
, (2.4)
D(ca) ≡ ΓAeAM
(
∂M +
1
8
ΩMBC [Γ
B,ΓC ]− igAAM − igBQX,a − cakǫ(y)
)
, (2.5)
where ǫ(y) ≡ σ′/k is a sign function. ΓM denotes gamma matrices which is defined by
{ΓM ,ΓN} = 2ηMN (η55 = +1). eAM is an inverse fielbein, and ΩMBC is the spin connection.
F
(A)
MN = ∂MAN −∂NAM − igA[AM , AN ] and F (B)MN = ∂MBN −∂NBM . gA and gB are 5D gauge
couplings of SO(5) and U(1)X , respectively. gw ≡ gA/
√
L is the four-dimensional (4D)
SO(5) coupling. f
(A)
gf and f
(B)
gf are gauge-fixing functions, and ξ(A) and ξ(B) are corresponding
gauge parameters. L(A)GH and L(B)GH denote ghost Lagrangians.
Bulk fermions are SO(5)-vectors. For the third generation, they are given by
Ψ1 =



T t
B b

 , t′

 = ((Q1, q), t′) = (Ψˇq1, t′),
Ψ2 =



U X
D Y

 , b′

 = ((Q2, Q3), b′) = (Ψˇq2, b′),
Ψ3 =



ντ L1X
τ L1Y

 , τ ′

 = ((ℓ, L1), τ ′),= (Ψˇℓ3, τ ′),
Ψ4 =



L2X L3X
L2Y L3Y

 , ν ′τ

 = ((L2, L3), ν ′τ ),= (Ψˇℓ4, ν ′τ ), (2.6)
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where SO(4) vector is embedded in (2, 2)-representation of SU(2)L × SU(2)R by
ψ11 ψ12
ψ21 ψ22

 = 1√
2
(ψ4 + i~σ · ~ψ)iσ2 =

−iψ1 − ψ2 iψ3 + ψ4
iψ3 − ψ4 iψ1 − ψ2

 . (2.7)
The brane part of the action consists of scalar part SΦbrane and brane-fermion part S
χ
brane.
The scalar part is given by
SΦbrane =
∫
d5x
√−Gδ(y)[−(DµΦ)†(DµΦ)− λΦ(|Φ|2 − w2)2],
DµΦ =
(
∂µ − i
{
gA
3∑
aR=1
AaRµ T
aR +
1
2
gBBµ
})
Φ. (2.8)
The fermion part of the brane action is
Sχbrane =
∫
d5x
√−Gδ(y){Lq + Lℓ},
Lq ≡
3∑
g=1
3∑
α=1
(χˆq,g†αR iσ¯
µDµχˆ
q,g
αR)− i
3∑
g,g′=1
[
κq,gg
′
1 χˆ
q,g†
1R Ψˇ
q,g′
1L Φ˜ + κ˜
q,gg′χˆq,g†2R Ψˇ
q,g′
1L Φ
+κq,gg
′
2 χˆ
q,g†
2R Ψˇ
g′
2LΦ˜ + κ
q,gg′
3 χˆ
q,g†
3R Ψˇ
g′
2LΦ− (H.c.)
]
,
Lℓ ≡
3∑
g=1
3∑
α=1
(χˆℓ,g†αR iσ¯
µDµχˆ
ℓ,g
αR)− i
3∑
g,g′=1
[κ˜ℓ,gg
′
χˆℓ,g†3R Ψˇ
ℓ,g′
3L Φ˜ + κ
ℓ,gg′
1 χˆ
ℓ,g†
1R Ψˇ
ℓ,g′
3L Φ
+κℓ,gg
′
2 χˆ
ℓ,g†
2R Ψˇ
ℓ,g′
4L Φ˜ + κ
ℓ,gg′
3 χˆ
ℓ,g†
3R Ψˇ
ℓ,g′
4L Φ− (H.c.), (2.9)
Dµχˆ =
(
∂µ − igA
3∑
aL=1
AaLµ T
aL − iQXgBBµ
)
χˆ, Φ˜ ≡ iσ2Φ∗, (2.10)
where
χˆq1R =

 TˆR
BˆR


7/6
, χˆq2R =

UˆR
DˆR


1/6
, χˆq3R =

XˆR
YˆR


−5/6
, (2.11)
χˆℓ1R =

Lˆ1XR
Lˆ1Y R


−3/2
, χˆℓ2R =

Lˆ2XR
Lˆ2Y R


1/2
, χˆℓ3R =

Lˆ3XR
Lˆ3Y R


−1/2
, (2.12)
are right-handed brane fermions. We note that each of χˆq1R, χˆ
q
2R and χˆ
q
3R is an SU(3)-color
triplet. We also have introduced 3× 3 Yukawa coupling matrices κq1,2,3, κℓ1,2,3, κ˜q and κ˜ℓ.
6
A. Orbifold symmetry breaking
We impose Z2 boundary conditions at boundaries y = yi, y0 ≡ 0, y1 ≡ L.
Aµ
Ay

 (x, yi − y) = Pi

 Aµ
−Ay

 (x, yi + y)P−1i , (2.13)

Bµ
By

 (x, yi − y) =

 Bµ
−By

 (x, yi + y), (2.14)
Ψa(x, yi − y) = γ5PiΨ(x, yi + y)a, (2.15)
where
P vec0 = P
vec
1 = diag(−1,−1,−1,−1,+1), P sp0 = P sp1 =

1
−1

 (2.16)
in the vector and spinor representations, respectively. These boundary conditions break
SO(5) to SO(4) ≃ SU(2)L×SU(2)R. AaL,aRµ and Aaˆy are even function against reflections at
y = yi and can have their zero-modes. Zero modes of A
aL,aR
µ are the gauge fields of unbroken
SO(4) symmetry.
B. Symmetry breaking by brane scalar
Once Φ develops a VEV
〈Φ〉 =

0
w

 , (2.17)
SU(2)R × U(1)X symmetry is broken to U(1)Y After Φ develops a VEV, the boundary
conditions in the original gauge are given by
at z = 1 : ∂zA
aL
µ =
(
∂z − κ
2k
)
A1R,2Rµ =
(
∂z − κ
′
2k
)
A
3′R
µ = ∂zB
Y ′
µ = 0,
Aaˆµ = A
4ˆ
µ = 0,
AaLz = A
aR
z +Bz = 0, ∂z
(
1
z
Aaˆz
)
= ∂z
(
1
z
A4ˆz
)
= 0,
at z = zL : ∂zA
aL
µ = ∂zA
aR
µ = ∂zB
X
µ = 0,
Aaˆµ = A
4ˆ
µ = 0,
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AaLz = A
aR
z = Bz = 0, ∂z
(
1
z
Aaˆz
)
= ∂z
(
1
z
A4ˆz
)
= 0. (2.18)
Here we have defined
κ ≡ g
2
Aw
2
4
=
g2wLw
2
4
, κ′ ≡ (g
2
A + g
2
B)w
2
4
, (2.19)
and 
A3′RM
BY
′
M

 ≡

cφ −sφ
sφ cφ



A3RM
BM

 ,
cφ ≡ cosφ = gA√
g2A + g
2
B
, sφ ≡ sinφ = gB√
g2A + g
2
B
. (2.20)
where a mixing angle φ is defined by tanφ ≡ gB/gA. KK modes of A1,2Rµ and A′3Rµ with
mn ≪ w obey effectively Dirichlet boundary conditions on the UV brane : A1R,2Rµ = A3
′
R
µ = 0
at z = 1.
For fermions, non-vanishing 〈Φ〉 also induces brane mass terms given by
Smassbrane =
∫
d5x
√−Gδ(y){Lmassquark + Lmasslepton} , (2.21)
Lmassquark =
3∑
g,g′=1
[
−
3∑
α=1
iµq,gg
′
α (χˆ
q,g†
αR Q
g′
αL −Qg
′†
αLχˆ
q,g
αR)− iµ˜q,gg
′
(χˆq,g†2R q
g′
L − qg
′†
L χˆ
q,g
2R)
]
, (2.22)
Lmasslepton =
3∑
g,g′=1
[
−
3∑
α=1
iµℓ,gg
′
α (χˆ
ℓ,g†
αL L
g′
αL − Lg
′†
αLχˆ
ℓ,g
αR)− iµ˜ℓ,gg
′
(χˆℓ,g†3R ℓ
g′
L − ℓg
′†
L χˆ
ℓ,g
3R)
]
. (2.23)
where
µq,gg
′
α
κq,gg
′
α
=
µ˜q,gg
′
κ˜q,gg′
=
µℓ,gg
′
α
κℓ,gg
′
α
=
µ˜ℓ,gg
′
κ˜ℓ,gg′
= w. (2.24)
For w ≫ mKK , and µα, µ˜ ≫ √mKK , exotic fermions couple to brane fermions to become
very heavy, so that only quark and leptons remain at low energy.
Since the gauge field Ay plays the role of the Higgs boson, the Yukawa couplings of
quarks and leptons are diagonal in the flavor space, and flavor mixing can be induced by
non-diagonal brane mass terms. For simplicity we assume that all brane mass terms are
flavor-diagonal:
µq,gg
′
α = δ
gg′µqα, µ
ℓ,gg′
α = δ
gg′µℓα, α = 1, 2, 3,
µ˜q,gg
′
= δgg
′
µ˜q, µ˜ℓ,gg
′
= δgg
′
µ˜ℓ. (2.25)
8
C. Electroweak symmetry breaking
Aaˆz (a = 1, 2, 3 and 4) have their zero modes:
Aaˆz(x, z) = φ
a(x)
√
2
k(z2L − 1)
· z + · · · , (2.26)
(where “· · · ” includes higher-KK modes) and can develop a VEV. We assume that Az
develops a VEV in the direction of T 4ˆ and we parameterize it by 〈φa〉 = vW δ4a. Then we
define the Wilson-line phase parameter θH by
exp
[
i
2
θH(2
√
2T 4ˆ)
]
= exp
[
igA
∫ zL
0
〈Az〉dz
]
, (2.27)
so that we obtain
θH =
1
2
gAvW
√
z2L − 1
k
∼ g2vW
2
π
√
kL
mKK
, (2.28)
where gw ≡ gA/
√
L is the 4D SO(4) ≃ SU(2)L× SU(2)R gauge coupling constant. We also
have a formula of W -boson mass.
mW ≃ mKK
π
√
kL
| sin θH |, (2.29)
and for θH ≪ 1, mW = 12gwvW is obtained. This may be compared with the SM formula
mW =
1
2
gwvH , vH = 246 GeV.
To solve the equations of motion, we move to the twisted gauge in which 〈A˜z〉 = 0. This
is achieved by
A˜M = ΩAMΩ
−1 +
i
gA
Ω(∂MΩ
−1), Ψ˜ = ΩΨ, (2.30)
Ω = exp
[
iθ(z)
√
2T 4ˆ
]
, θ(z) = θH
z2L − z2
z2L − 1
. (2.31)
Using Ω and making use of SO(5) algebra, we find gauge transformation as
AaLM =
1√
2
{
A˜
a+
M + A˜
a−
M cos θ(z)− A˜aˆM sin θ(z)
}
,
AaRM =
1√
2
{
A˜
a+
M − A˜a−M cos θ(z) + A˜aˆM sin θ(z)
}
,
AaˆM = A˜
a−
M sin θ(z) + A˜
aˆ
M cos θ(z), a = 1, 2, 3,
A4ˆµ = A˜
4ˆ
µ, A
4ˆ
z = A˜
4ˆ
z −
√
2
gA
θ′(z), (2.32)
where A˜
a±
M ≡ (A˜aLM ± A˜aRM )/
√
2.
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D. Kaluza-Klein towers
1. Gauge bosons
SO(5)× U(1)X gauge fields are decomposed into Kaluza-Klein towers given by
Aµ(x
µ, z) +Bµ(x
µ, z)TB = Wˆµ + Wˆ
†
µ + WˆRµ + Wˆ
†
Rµ + Zˆµ + ZˆRµ + Aˆ
γ
µ + Aˆ
4ˆ
µ, (2.33)
where TB is a U(1)X generator. Wˆ , Zˆ and Aˆ
γ are KK towers for W , Z bosons and photons
in the SM, respectively. We note that each of Wˆ and Zˆ towers contains two KK towers so
that there are eleven KK towers in (2.33).
Each tower has an expansion of the form
AˆCµ =
∑
n
A(n)µ (x
µ)
{
hLA(n)(z)T
−L + hRA(n)(z)T
−R + hˆA(n)(z)T
−ˆ
}
,
AˆNµ =
∑
n
A(n)µ (x
µ)
{
hLA(n)(z)T
3L + hRA(n)(z)T
3R + hˆA(n)(z)T
3ˆ + hBA(n)(z)T
B
}
,
Aˆ4ˆµ =
∑
n
A(n)4ˆµ (x)hA(n)4ˆ(z)T
4ˆ, (2.34)
for AˆC = Wˆ , WˆR and Aˆ
N = Zˆ, ZˆR and Aˆ
γ. T± = (T 1 ± iT 2)/√2. Explicit forms of KK
towers of gauge fields are summarized in Appendix B and also found in [47].
2. Az and Bz
Az and Bz are expanded, in the twisted gauge, as
A˜z(x, z) =
3∑
a=1
Gˆa +
3∑
a=1
Dˆa + Hˆ,
Bz(x, z) = Bˆ =
∞∑
n=1
B(n)(x)uB(n)(z)T
B. (2.35)
Dˆ and Gˆ towers are expanded as
Sˆ− =
∑
n
S−(n)(x)
{
uLS(n)(z)T
−L + uRS(n)(z)T
−R + uˆS(n)(z)T
−ˆ
}
,
Sˆ3 =
∑
n
S3(n)(x)
{
uLS(n)(z)T
3L + uRS(n)(z)T
3R + uˆS(n)T
3ˆ
}
, S = D, G, (2.36)
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whereas Hˆ is expanded as
Hˆ =
∞∑
n=0
H(n)(x)uH(n)(z)T
4ˆ. (2.37)
H(0) corresponds to the SM Higgs boson. Dˆ contain two KK towers so that A˜z contain ten
KK towers. We note that KK modes other than H(0) are Nambu-Goldstone bosons and
eaten by KK excited states of corresponding vector bosons.
3. Fermions
Bulk fermions are also decomposed into KK towers as follows. For example, quark bulk
fermions Ψ1 and Ψ2 in the third generation are decomposed into
(Ψ1 +Ψ2) = tˆT (5/3) + tˆ(2/3) + tˆB(2/3) + tˆU(2/3)
+bˆ(−1/3) + bˆD(−1/3) + bˆX(−1/3) + bˆY (−4/3), (2.38)
where numbers in subscripts denote the electric charge of fields. tˆ and bˆ are towers for top
and bottom quarks, respectively, whereas others are towers for non-SM exotic partners of
quarks. We note that each of tˆ and bˆ contains two KK towers. In all Ψ1 and Ψ2 contain
ten KK towers of fermions. In the same way KK towers of quarks of the first and second
generations are expressed as uˆT + uˆ+ · · · , dˆ+ dˆD + · · · , and so on.
Lepton bulk fermions Ψ3 and Ψ4 (in the third generation) are decomposed as
(Ψ3 +Ψ4) = νˆτ(0) + τˆ(−1) + τˆ1X(−1) + τˆ1Y (−2)
+νˆτ2X(+1) + νˆτ2Y (0) + νˆτ3X(0) + τˆ3Y (−1), (2.39)
where τˆ and νˆτ are towers for tau and tau-neutrino, respectively, and others are towers for
non-SM exotic lepton partners.
Hereafter we work with rescaled bulk fermions Ψ˘ ≡ z2Ψ. One can find mass spectra
of KK towers corresponding to tˆT , bˆY , tˆ and bˆ in references [39, 42]. For the fermions
with QEM = +2/3, integrating brane fermions and utilizing orbifold boundary conditions,
boundary conditions at z = 1+ in the original gauge are given by
µ2
2k
[µ2U˘L + µ˜t˘L]−D(2)+ U˘L = 0,
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µ21
2k
B˘L −D(1)+ B˘L = 0,
µ˜
2k
[µ2U˘L + µ˜t˘L]−D(1)+ t˘L = 0,
t˘′L = 0, (2.40)
where D
(a)
± ≡ ±(d/dz) + (ca/z). Bulk fermions in the twisted gauge, U˜ , t˜, B˜ and t˜′ are
obtained by gauge transformation
(t˜− B˜)/√2
t˜′

 =

 cos θ(z) sin θ(z)
− sin θ(z) cos θ(z)



(t−B)/√2
t′

 ,
U˜ = U,
t˜ + B˜ = t +B. (2.41)
where θ(z) = θH(z
2
L−z2)/(z2L−1). We express KK expansion of bulk fermions in the twisted
gauge as


˘˜U
˘˜t
˘˜B
˘˜t′

 =
√
k
∑
n
ψ
(n)
L (x)


aUC
(2)
L
atC
(1)
L
aBC
(1)
L
at′S
(1)
L

 (z, λn) +
√
k
∑
n
ψ
(n)
R (x)


aUS
(2)
R
atS
(1)
R
aBS
(1)
R
at′C
(1)
R

 (z, λn), (2.42)
where C
(a)
L (z, λn) = CL(z;λn, ca) and so on. ψ
(n)
L and ψ
(n)
R are 4D left- and right-handed
fermions with the mass mn = kλn, respectively. When we assume that µ
2
1, µ
2
2, µ˜
2, µ˜µ2 ≫
kλn, then the boundary conditions at z = 1 are simplified as follows
B˘L = 0, µ2U˘L + µ˜t˘L = 0, µ˜D
(2)
+ U˘L − µ2D(1)+ t˘L = 0, t˘′L = 0. (2.43)
Substituting left-handed KK modes in (2.42) into the above conditions, we can obtain KK
masses and corresponding eigenstates. KK fermions with QEM = −1/3 are also obtained in
a similar way.
Masses and couplings of fermions are summarized in Appendices C and D, respectively.
It is seen in Tables. XII and XIII, that t
(1)
T and b
(1)
Y , which are exotic partners of the top and
bottom quarks with electric charge +5/3 and −4/3, respectively, have mass M
t
(1)
T ,b
(1)
Y
= 4.6
TeV (5.4 TeV) for θH = 0.115 (0.0737). t
(1)
T and b
(1)
Y are the lightest non-SM states in GHU
which can be singly produced in the colliders.
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3. DECAY WIDTH AND CROSS SECTIONS
The relevant parts of the Lagrangian for the present study consist of cubic interactions
among vector and Higgs bosons
Lbosoneff = LW ′WZ + LW ′WH + LZ′WW + LZ′ZH ,
LW ′WZ =
∑
W ′=W (1),W
(1)
R
igW ′WZ(η
αγηβδ − ηαδηβγ)(W ′−γ Zδ∂αW+β +W−γ Zδ∂αW ′+β
+ZγW
′+
δ ∂αW
−
β + ZγW
+
δ ∂αW
′−
β +W
′+
γ W
−
δ ∂αZβ +W
+
γ W
′−
δ ∂αZβ),
LW ′WH = gW (1)WH[HW+µ W−(1)µ +HW−µ W+(1)µ],
LZ′WW =
∑
Z′=Z(1),γ(1),Z
(1)
R
igZ′WW (η
αγηβδ − ηαδηβγ)(W−γ Z ′δ∂αW+β +W−γ Z ′δ∂αW+β
+Z ′γW
+
δ ∂αW
−
β + Z
′
γW
+
δ ∂αW
−
β +W
+
γ W
−
δ ∂αZ
′
β +W
+
γ W
−
δ ∂αZ
′
β),
LZ′ZH =
∑
Z′=Z(1),γ(1),Z
(1)
R
gZ′ZH [HZµZ
′µ], (3.1)
and the W ′ and Z ′ couplings to fermions
Lfermioneff = LW ′ff¯ + LZ′ff¯ ,
LW ′ff¯ =
∑
W ′=W (1),W
(1)
R
{∑
(ℓ,νℓ)
[
gLW ′ℓνW
′−
µ ℓ¯γ
µ1− γ5
2
νℓ + (H.c.)
]
+
∑
color
∑
(U,D)
[
gLW ′UDW
′−
µ D¯γ
µ1− γ5
2
U + (H.c.)
]
+ (L→ R, γ5 → −γ5)
}
,
LZ′ff¯ =
∑
Z′=Z(1),γ(1),Z
(1)
R
{∑
l=ℓ,νℓ
[
gLZ′lZ
′−
µ l¯γ
µ1− γ5
2
νl + (H.c.)
]
+
∑
color
∑
q=u,d,s,c,b,t
[
gLZ′qZ
′−
µ q¯γ
µ1− γ5
2
q + (H.c.)
]
,+(L→ R, γ5 → −γ5)
}
.(3.2)
The couplings Lbosonseff and Lfermionseff are summarized in Appendix E and Appendix D, respec-
tively. Z ′ couplings to fermions are also given in Ref [47].
Formulas for decay widths of W ′ and Z ′ are summarized in Appendix F. When
MW ′,MZ′ ≫ MW ,MZ ,MH , partial decay widths of W ′ = W (1) and Z ′ = Z(1), γ(1), Z(1)R
are approximately given by
Γ(W ′ → WH) ≃ MW ′
192π
(
gHW ′W
MW
)2
,
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Γ(Z ′ → ZH) ≃ MZ′
192π
(
gHZ′Z
MZ
)2
,
Γ(W ′ →WZ) ≃ MW ′
192π
g2W ′WZ
M4W ′
M2WM
2
Z
,
Γ(Z ′ →W+W−) ≃ MZ′
192π
g2Z′WW
M4Z′
M4W
, (3.3)
and
Γ(W ′ → f f¯ ′) ≃ NcMW
′
24π
(|gLW ′ff ′ |2 + |gRW ′ff ′ |2),
Γ(Z ′ → f f¯) ≃ NcMZ
′
24π
(|gLZ′f |2 + |gRZ′f |2), (3.4)
where Nc is the number of color of fermions f, f
′. For later use, we define ratios of partial
decay widths as follows.
Γ(W ′ → WH)
Γ(W ′ →WZ) ≃
g2
HW ′W
M2W
g2W ′WZ
M4
W ′
M2WM
2
Z
=
g2HW ′W
g2W ′WZ
M2Z
M4W ′
≡ ηW ′, (3.5)
Γ(Z ′ → ZH)
Γ(Z ′ →WW ) ≃
g2
HZ′Z
M2Z
g2Z′WW
M4
Z′
M4W
=
g2HZ′Z
g2Z′WW
M4W
M4Z′M
2
Z
≡ ηZ′ . (3.6)
Formulas of s-channel cross sections mediated byW ′ or Z ′ are summarized in Appendix G.
When
√
s ≫ MW ,MZ ,MH , cross sections for the processes f f¯ ′ → {W, W (1)} → WH and
f f¯ → {Z, Z(1), Z(1)R } → ZH are approximately given by
σ(f f¯ ′ → {W, W (1)} →WH)
≃ 1
N ic
1
384π
s
M2W
{ ∑
V=W,W (1)
g2HVW [|gLV ff ′ |2 + |gRV ff ′ |2]
(s−M2V )2 +M2V Γ2V
+2Re
[
gHWWgHW (1)W [(g
L
Wff ′)(g
L
W (1)ff ′
)∗ + (gRWff ′)(g
R
W (1)ff ′
)∗]
[(s−M2W ) + iMWΓW ][(s−M2W (1))− iMW (1)ΓW (1)]
]}
, (3.7)
σ(f f¯ → {Z, Z(1), Z(1)R } → ZH)
≃ 1
N ic
1
384π
s
M2Z
{ ∑
V=Z,Z(1),Z
(1)
R
g2HV Z [|gLV f |2 + |gRV f |2]
(s−M2V )2 +M2V Γ2V
+
∑
V1,V2=Z,Z(1),Z
(1)
R
V1 6=V2
Re
[
gHV1ZgHV2Z [(g
L
V1f
)(gLV2f)
∗ + (gRV1f)(g
R
V2f
)∗]
[(s−M2V1) + iMV1ΓV1][(s−M2V2)− iMV2ΓV2 ]
]}
. (3.8)
For processes f f¯ →WW and f f¯ ′ →WZ, careful treatments are necessary. Each ampli-
tude contains not only s- channel diagrams but also t- and u- channel diagrams. Therefore
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the total amplitude M will be given by
M = MSM +MNP ,
MSM = MSMs +MSMt +MSMu , MNP =MNPs +MNPt +MNPu , (3.9)
where MSMs,t,u and MNPs,t,u are s-, t- and u-channel amplitudes for the SM fields and new
physics parts, respectively. The square of the total amplitude is given by
|M|2 = |MSM |2 + |MNP |2 + (interference), (3.10)
where the interference terms contain products of MSM(∗) and MNP (∗). When the energy
of the initial state
√
s is much larger than the EW scale, each of MSMs,t,u grows due to the
longitudinal part of the vector bosons in the final state. In the SM it is known that the
growing contributions from longitudinal parts cancels with each other precisely, and that
the unitarity of the amplitude MSM is protected. In our model, couplings among SM fields
are very close to those of the SM values, so that MSM is well-behaved. In the vicinity of
MW ′ and MZ′ productions, |MNPs |2 dominates over the interference terms. The relevant
formulas for cross sections for the SM part |MSM |2 are found in [73, 74]. For the NP part
near the resonance
√
s ∼ MW ′, MZ′ ≫ MW ,MZ ,MH , one can neglect small MNPt,u . In the
precesses f f¯ →WW and f f¯ ′ →WZ, we approximate |M|2 by |MSM |2 + |MNPs |2, though
the interference term need to be included for more rigorous treatment. Cross sections of
s-channel processes f f¯ ′ → {W (n)} →WZ and f f¯ → {γ(n), Z(n), Z(n)R } → W+W− are given
in Appendix G. Hence the NP part of the cross sections are approximately given by
σ(f f¯ ′ → {W (n)} →WZ)
≃ 1
N ic
1
384π
s3
M2WM
2
Z
{ ∑
V=W (n)
n≥1
[|gLV ff ′ |2 + |gRV ff ′ |2]g2VWZ
(s−M2V )2 +M2V Γ2V
+
∑
(V1,V2)=(W (n),W (m))
1≤n<m
2Re
[
gV1WZgV2WZ [(g
L
V1ff ′
)(gLV2ff ′)
∗ + (gRV1ff ′)(g
R
V2ff ′
)]
[(s−M2V1) + iMV1ΓV1][(s−M2V2)− iMV2ΓV2]
]}
,
(3.11)
σ(f f¯ → {γ(n), Z(n), Z(n)R } →W+W−)
≃ 1
N ic
1
384π
s3
M4W
{ ∑
V=Z(n),γ(n),Z
(n)
R
n≥1
g2VWW
[|gLV f |2 + |gRV f |2]
(s−M2V )2 +M2V Γ2V
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+
∑
(V1,V2)={Z(n),γ(n),Z(n)R }
n≥1
MV1<MV2
2Re
[
gV1WWgV2WW [(g
L
V1f
)(gLV2f )
∗ + (gRV1f )(g
R
V2f
)∗]
[(s−M2V1) + iMV1ΓV1 ][(s−M2V2)− iMV2ΓV2 ]
]}
.
(3.12)
We note that at around the resonance points s ≃MW (1),MZ(1) ,MZ(1)R , we see that the ratios
of the cross sections behave
σ(f f¯ ′ → W (1) → WH)
σ(f f¯ ′ →W (1) →WZ)
∣∣∣∣
s=M
W (1)
≃
M2
W (1)
M2W
g2HW (1)W
M6
W (1)
M2WM
2
Z
g2W (1)WZ
=
g2
HW (1)W
g2
W (1)WZ
M2Z
M4
W (1)
= ηW (1),(3.13)
and
σ(f f¯ ′ → Z ′ → ZH)
σ(f f¯ ′ → Z ′ →WW )
∣∣∣∣
s=MZ′
≃
M2Z′
M2Z
g2HZ′Z
M6Z′
M4W
g2Z′WW
=
g2
HZ(1)Z
g2
Z(1)WW
M4W
M2ZM
4
Z′
= ηZ′, (3.14)
for Z ′ = Z(1), Z(1)R . It is observed that ratios (3.5) and (3.6) coincide with (3.13) and (3.14),
respectively.
For SM fermions f (′), F (′), the cross section of the process f f¯ ′ → {W, W (1)} → FF¯ ′ is
given by
σ(f f¯ ′ → {W, W (1)} → FF¯ ′)
≃ N
f
c
N ic
s
48π
{ ∑
V=W,W (1)
[|gLV ff ′ |2 + |gRV ff ′|2] [|gLV FF ′|2 + |gRV FF ′|2]
(s−M2V )2 +M2V Γ2V
+2Re
[
K(f, f ′)K(F, F ′)
[(s−M2W ) + iMWΓW ]
[
(s−M2
W (1)
)− iMW (1)ΓW (1)
]
]}
,
K(f, f ′) ≡ (gLWff ′)(gLW (1)ff ′)∗ + (gRWff ′)(gRW (1)ff ′)∗, (3.15)
where Nfc is the number of color of final-state fermions. A similar formula for processes
f f¯ → Z,Z ′ → f ′f¯ ′ are found in [47].
4. EFFECTIVE THEORIES
Before jumping to calculate the couplings numerically, we formulate effective theories
which yield qualitative understandings of various couplings and decay widths.
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1. 4D SO(4) × U(1) model
Let us consider a 4D SO(4)×U(1)X model with two scalars ΦR and ΦH . Gauge couplings
of SO(4) ≃ SU(2)L × SU(2)R and U(1)X are denoted by gw and gb, respectively. ΦR is
(0, 2)−1/2 in SU(2)L × SU(2)R × U(1)X and ΦH is a SO(4)-vector (2, 2¯) corresponding
to the Higgs boson. When ΦR develops a VEV 〈ΦR〉 = (0, µ)/
√
2, the SU(2)R × U(1)X
symmetry is broken to U(1)Y . We take µ = O(mKK). On the other hand non vanishing ΦH
breaks SU(2)L×SU(2)R to SU(2)V whose generators are (T aL+T aR)/
√
2. With both 〈ΦR〉
and 〈ΦH〉 non-vanishing, SO(4)×U(1)X symmetry is broken to U(1)em. The mass matrices
of gauge bosons in (AaLµ , A
aR
µ ) (a = 1, 2) and (A
3L
µ , A
3R
µ , Bµ) are given by
MC =

 M2LL −M2LL
−M2LL M2LL +M2RR

 , MN =


M2LL −M2LL 0
−M2LL M2LL +M2RR −M2RB
0 −M2RB M2BB

 ,
M2LL =
g2wv
2
4
, M2RR =
g2wµ
2
4
, M2RB =
gwgbµ
2
4
, M2BB =
g2bµ
2
4
, (4.1)
respectively. MC has two eigenvalues corresponding to the mass-squared of W and WR
bosons, respectively, which are given by
M2W = M¯
2
W (1 +O(v2/µ2)), M¯W ≡
gwv
2
,
M2WR =
g2wµ
2
4
(1 +O(v2/µ2)). (4.2)
MN has three eigenvalues, which correspond to mass-squared of the photon, Z-boson, and
ZR-boson, respectively. Here
Mγ = 0,
M2Z =
g2wv
2
4
· g
2
w + 2g
2
b
g2w + g
2
b
(1 +O(v2/µ2))
= M¯2Z(1 +O(v2/µ2)), M¯Z ≡
gwv
2 cos θW
,
M2ZR =
(g2w + g
2
b )µ
2
4
(1 +O(v2/µ2))
=
g2wµ
2
4
cos2 θW
cos2 θW − sin2 θW
(1 +O(v2/µ2)). (4.3)
Diagonalizing these mass matrices we obtain mass eigenstatesW,W ′ and Z,Z ′, γ. Mixing
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matrices are given by
AaLµ
AaRµ

 =

 cos θC sin θC
− sin θC cos θC



W aµ
W aRµ

 , a = 1, 2,


A3Lµ
A3Rµ
Bµ

 =
(
~vγ , ~v− cos θN + ~v+ sin θN , ~v+ cos θN − ~v− sin θN
)


γµ
Zµ
ZRµ

 ,
~vγ =


sin θW
sin θW√
cos 2θW

 , ~v− =


cos θW
−sin
2 θW
cos θW
− tan θW
√
cos 2θW

 , ~v+ =


0√
cos 2θW
cos θW
− tan θW

 ,
(4.4)
where mixing angles are determined so as to mixing matrices properly diagonalize mass
matrices:
tan(2θC) =
2v2
µ2
,
tan(2θN) =
2g3wv
2
√
g2w + 2g
2
b
w2(g2w + g
2
b )
2 − 2g2g2bv2
. (4.5)
The weak mixing angle is given by
sin θW =
gb√
g2w + 2g
2
b
, (4.6)
so that γµ couples to W
± bosons with e = gw sin θW .
Now we can calculate couplings among these mass eigenstates. For vector-boson trilinear
V1V2V3 couplings and V1V2H couplings, we obtain
gWWγ = gw sin θW = e,
gWWZ = gw cos θW +O(v4/µ4),
gZRWW = −gw
(cos2 θW − sin2 θW )3/2
cos3 θW
v2
µ2
,
gZWRW = −gw
1
cos θW
v2
µ2
, (4.7)
and
gHWW = gwM¯W (1 +O(v2/µ2)),
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gHZZ =
gw
cos θW
M¯Z(1 +O(v2/µ2)),
gHWRW = −gwM¯W (1 +O(v2/µ2)),
gHZRZ = −gwM¯Z
√
cos2 θW − sin2 θW
cos θW
(1 +O(v2/µ2)), (4.8)
where M¯W = gwv/2 and M¯Z = M¯W/ cos θW are used.
Hence we see that (a) gZWW is very close to its SM-value gw cos θW and the deviation from
the SM-value will be suppressed by a factor O(v4/m4KK), (b) Deviations of gHZZ and gHWW
couplings from their SM values are both suppressed by v2/m2KK , (c) gZ′WW and gZWRW are
suppressed by a factor O(v2/µ2).
gWRWZ , gZRWW ∼ gWWZ ·
v2
µ2
, (4.9)
(d) In contrast, values of HWWR and HZZR approximately equal to HWW and HZZ
couplings in magnitudes but opposite in signs, respectively.
gHWRW ∼ −gHWW , gHZ′Z ∼ −gHZZ . (4.10)
(e) For the decay widths of WR and ZR one finds
Γ(WR → ZW )
Γ(WR →WH) ≃
(
gZWRW
gHWRW
M2WR
M¯Z
)2
= 1 +O(v2/µ2), (4.11)
Γ(ZR →WW )
Γ(ZR → ZH) ≃
(
gZRWW
gHZ′Z
M2ZRM¯Z
M¯2W
)2
= 1 +O(v2/µ2). (4.12)
We will find in the following section that the relation (4.11) will be satisfied, and that (4.12)
needs to be generalized to incorporate KK-γ and KK-Z bosons.
2. 5D SO(5) × U(1)X GHU in the flat-space limit
We also explore the flat-space limit of the warped SO(5)×U(1)X GHU by taking kL→ 0
limit while keeping L = πR finite [71]. A similar model is seen in [70]. In this limit
mKK = 1/R. The W -boson mass and the AB phase θH are related with each other by√
2 sin(mWπR) = sin θH . The couplings among vector bosons and Higgs are summarized as
follows. Vector boson trilinear couplings are given by
gγ(0)W (n)W (m) = δmne, gγ(1)W (n)W (m) = δmn2
√
2e,
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gZ(0)W (0)W (0) = gw cos θW +O(m4WR4),
gZ(1)W (0)W (0), gZ(0)W (1)W (0) = O(m3WR3),
g
Z
(1)
R W
(0)W (0)
=
8
√
2
√
cos 2θW
π cos θW
gwm
2
WR
2 +O(m4WR4),
g
Z(0)W
(1)
R W
(0) =
8
√
2
π
gwmWmZR
2 +O(m4WR4). (4.13)
Higgs vector-boson couplings are given by
gHW (m)W (n) = δmn(−1)ngwmW (n),
gHZ(m)Z(n) = δmn(−1)n
gw
cos θW
mZ(n),
g
HZ
(1)
R Z
(0) = −2
√
2
√
cos 2θW
π cos θW
gwmZ [1 +O(m2WR2)],
g
HW
(1)
R W
(0) = −
2
√
2gw
π
mW [1 +O(m2WR2)],
gHγ(n)Z(m), gHγ(n)Z(m)R
= 0. (4.14)
Here we note that m
W
(1)
R
= m
Z
(1)
R
= 1/(2R).
It seems that W and WR, Z and ZR are mixed in an ordinary manner as seen in
the 4D model, whereas W and W (n), Z and Z(n) are very weakly mixed. This will be
understood by mass-mixings in the original gauge. Gauge fields for charged bosons are
A
(n)±L
µ , A
(m)±R
µ , A
(m)±ˆ
µ , (a = 1, 2, n = 0, 1, 2, · · · and m = 1, 2, · · · ). For up to first KK
excited states, the mass matrix in the (A
(0)±L
µ , A
(1)±R
µ , A
(1)±L
µ , A
(1)±ˆ
µ ) basis is given by

M2v −M2v 0 0
−M2v M2v +M2R −M ′2v 0
0 −M ′2v M2v +M2L 0
0 0 0 2M2v +M
2
X

 , (4.15)
where
M2v =
1
4
g2wv
2, M2R =
1
4R2
, M2L = M
2
X =
1
R2
,
M ′2v =
1
4
g2wv
2 1
πR
∫ 2πR
0
cos
(
πR− y
2R
)
cos
(
πR− y
R
)
dy. (4.16)
A
(0)±L
µ and A
(1)±R
µ have a mixing term, whereas there is no mixing between A
(0)±L
µ and A
(1)±L
µ
in the mass matrix due to the KK-number conservation. Therefore mixing between A
(0)±L
µ
and A
(1)±L
µ is induced only through both A
(0)±L
µ -A
(1)±R
µ and A
(1)±L
µ -A
(1)±R
µ mixing terms so
that the mixing angle is suppressed.
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3. Comment on the warped SO(5)× U(1)X GHU
In the flat GHU case, A
(0)aL
µ -A
(1)aL
µ mass terms vanish. This is because the Higgs wave
function is constant along the extra dimension. The mass term, which is written as an
overlap integral of wave functions of A
(0)±L
µ , A
(1)±L
µ and the Higgs boson, vanishes by the
orthonormality conditions of wave functions. In the warped case, the Higgs wave function is
not constant along the direction of the extra dimension. Therefore A
(0)aL
µ -A
(1)aL
µ mass terms
does not vanish.
5. COUPLINGS AND DECAY WIDTHS
Input parameters used in the numerical study is summarized in Table I. The W boson
mass at the tree level becomes M treeW = 79.9 GeV. In the following study, we have adopted
model parameters NF = 4 and zL = 10
4, 105. With (NF , zL) given bulk mass parameter
of dark fermions, cF , is determined such that the resultant Higgs mass becomes MH = 125
GeV. This procedure determine the value of θH and the bulk mass parameters of quarks and
leptons.(See for the details [46, 47]) The resultant values of θH and k, mKK and first-KK
gauge boson masses are tabulated in Table II. We set fermion bulk mass parameters as
cg1 = c
g
2 ≡ {cu, cc, ct} and cg3 = cg4 ≡ {ce, cµ, cτ}. These parameters are tuned so that fermion
masses coincide with values in Tables I. These are listed in listed in Table III,
TABLE I: Input parameters. Masses of Z boson, leptons and quarks in the unit of GeV.
MZ sin
2 θW me(MZ) mµ(MZ) mτ (MZ)
91.1876 0.23126 0.487 × 10−3 0.103 1.75
mu(MZ) md(MZ) ms(MZ) mc(MZ) mb(MZ) mt(MZ)
1.27 × 10−3 2.90 × 10−3 0.055 0.619 2.89 171
A. Couplings
The couplings among vector bosons V , Higgs H , and SM fermions fSM are evaluated
from overlap integrals where functions of V , H and fSM are inserted. The detailed formulas
are given in Appendices E and D, and Refs. [47, 49].
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TABLE II: Aharonov-Bohm phase θH , the bulk mass parameter of dark fermions cF , AdS5 cur-
vature k, Kaluza-Klein scale mKK and masses of first KK gauge bosons are given in the unit of
GeV with respect to zL for NF = 4 are summarized. Z
(1), W (1) and γ(1) are almost degenerate.
Their mass differences is 1− 2 GeV.
zL θH cF k mKK mZ(1) mW (1) mγ(1) mZ(1)R
= m
W
(1)
R
[rad.] [GeV] [TeV] [TeV] [TeV] [TeV] [TeV]
105 0.115 0.3321 2.36 × 108 7.41 6.00 6.00 6.01 5.67
104 0.0737 0.2561 3.29 × 107 10.3 8.52 8.52 8.52 7.92
TABLE III: Fermion bulk mass parameters for quarks and leptons.
zL cu cc ct ce cµ cτ
105 1.55 1.05 0.227 1.72 1.22 0.950
104 1.82 1.19 0.0366 2.04 1.41 1.07
In Table IV, the left-handed couplings of SM fermions to theW boson and its KK excited
states are tabulated. Similar results for θH = π/2 are found in Ref. [42]. The right-hand
couplings vanish within the accuracy of numerical calculation. In this model couplings of
the SM fermions to the WR boson vanish.
It is seen that couplings to W (0) (the W boson) are slightly larger than the SM value
gw/
√
2 for light quarks and leptons, where those for top and bottom quarks is slightly
smaller. Further the couplings of SM fermions except for t and b to W (1) are smaller than
couplings to W (0) and their signs are opposite. W (1)tb¯ coupling is larger than the SM value.
The difference between W (1)ud and W (1)tb couplings is understood as follows. The cou-
plings among left-handed up- and down-sector fermions (U,D) = (u, d), (t, b) and W boson
gL
W (1)UD
are given by the overlapping (D.4). The integration in (D.4) is dominated by the
term hL
W (n)
fDbLf
U
tL ((U,D) = (u
(0), d(0)), (t(0), b(0))). In Fig. 1, leading part of bulk wave func-
tions for fermions and gauge bosons are plotted. In Fig. 1-(a), we see that fu
(0)
tL decreases
much faster than f t
(0)
tL . In particular, near z = zL, f
t(0)
tL has small but sizable value whereas
the value of fu
(0)
tL almost vanishes. In Fig. 1-(b), h
L
W (0)
is almost constant, whereas hL
W (1)
has
negative values for small values of z and has large positive value near z = zL. In Fig. 2, we
plot overlapping of wave functions of up- and down-type fermions and W (1). In the Figure,
overlapping of wave functions of light quarks and W (1) has large negative value only near
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TABLE IV: Masses and couplings of W (n) to left-handed SM fermions.
NF = 4, zL = 10
5 (θH = 0.115)
n = 0 1 2 3 4
mW (n) [GeV] 79.9 6004 9034 13378 16538
gL
W (n)ℓν
/(gw/
√
2)
(ℓ, ν) = (e, νe) 1.00019 -0.3455 -0.02507 0.2510 0.01937
(µ, νµ) 1.00019 -0.3455 -0.02507 0.2510 0.01937
(τ, ντ ) 1.00019 -0.3452 -0.02505 0.2507 0.01934
gL
W (n)UD
/(gw/
√
2)
(U,D) = (u, d) 1.00019 -0.3455 -0.02507 0.2510 0.01937
(c, s) 1.00019 -0.3454 -0.02506 0.2510 0.01936
(t, b) 0.9993 1.2970 0.06527 -0.4342 -0.03110
NF = 4, zL = 10
4 (θH = 0.0737)
n = 0 1 2 3 4
mW (n) [GeV] 79.9 8520 12624 18852 23112
gL
W (n)ℓν
/(gw/
√
2)
(ℓ, ν) = (e, νe) 1.00009 -0.3904 -0.01861 0.2901 0.01461
(µ, νµ) 1.00009 -0.3904 -0.01861 0.2901 0.01461
(τ, ντ ) 1.00009 -0.3901 -0.01858 0.2896 0.01457
gL
W (n)UD
/(gw/
√
2)
(U,D) = (u, d) 1.00009 -0.3904 -0.01861 0.2901 0.01461
(c, s) 1.00009 -0.3904 -0.01860 0.2900 0.01460
(t, b) 0.9995 1.7517 0.04516 -0.2925 -0.01490
the UV brane (z = 1). On the other hand, the overlapping of heavy quarks and W (1) takes
negative value for small values of z but becomes positive for larger z. This difference in
the integrand results in the differences in the signs and magnitudes of gL
W (1)tb
, gL
W (1)ud
and
gW (0)ud.
In Table V, HWW ′ (W ′ = W (n),W (n)R ) and HZZ
′ (Z ′ = Z(n), Z(n)R ) couplings are tabu-
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FIG. 1: Behavior of dominant component of the wave functions for fermions and W (n) bosons for
NF = 4, zL = 10
5 (θH = 0.115). (a) Red-solid and blue-dashed lines are f
t(0)
tL for the top and f
u(0)
tL
for the up quark, respectively. (b) Red-solid and blue-dashed lines are hL
W (0)
for W (0) and hL
W (1)
for W (1) bosons, respectively.
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FIG. 2: Integrand of the coupling gL
W (1)UD
in (D.4). Red-solid and blue-dashed lines are for
(U,D) = (t, b) and (u, d), respectively.
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lated. We note that Hγ(n)Z(m) and Hγ(n)Z
(m)
R couplings vanish. We find that gWWH and
gZZH couplings are given by the SM values multiplied by cos θH . gW (1)WH and gW (1)R WH
are
a few times larger than gWWH, and similar relations holds among gZ(1)R ZH
, gZ(1)ZH and gZZH.
All gW ′(n)WH and gZ′(n)ZH couplings become small as n becomes larger.
TABLE V: Couplings of W (n), Z(n), γ(n) and Z
(n)
R to WH, ZH in the unit of GeV.
NF = 4, zL = 10
5 (θH = 0.115)
n = 0 1 2 3 4
gW (n)WH/(gw cos θH) 80.0 255 2.57 45.4 0.220
gZ(n)ZH/(gw cos θH/ cos θW ) 91.2 291 3.35 51.8 0.286
g
W
(n)
R WH
/gw — 266 50.5 20.6 11.1
g
Z
(n)
R ZH
/(gw/ cos θW ) — 223 42.3 17.2 9.27
NF = 4 zL = 10
4 (θH = 0.0737)
n = 0 1 2 3 4
gW (n)WH/(gw cos θH) 80.0 225 1.89 39.2 0.169
gZ(n)ZH/(gw cos θH/ cos θW ) 91.2 257 2.46 44.8 0.220
g
W
(n)
R WH
/gw — 238 45.1 18.4 9.89
g
Z
(n)
R ZH
/(gw/ cos θW ) — 199 37.7 15.4 8.27
In Table VI, trilinear vector-boson couplings are tabulated. The gWWZ coupling is very
close to its SM value gw cos θW . The deviation is one part in 10
8. gγWW is exactly e, which
reflects the unbroken U(1)em gauge symmetry. Couplings among the first KK and two SM
vector bosons are suppressed by a factor of O(10−4), which is close to the square of the ratio
of the weak boson mass to the 1st KK boson mass.
B. Decay width
In Tables VII and VIII, decay widths of W and WR boson are tabulated, respectively.
Since the W (1) boson couples equally to the light SM fermions except for b and t quarks,
partial decay widths to light SM fermions are almost identical besides the QCD color factor.
The W (1) coupling to t and b quarks is larger than the couplings to other fermion pairs. The
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TABLE VI: Trilinear vector-boson couplings of W (n), Z(n), γ(n) and Z
(n)
R to W
+W−, WZ
NF = 4, zL = 10
5 (θH = 0.115)
n = 0 1 2 3 4
gW (n)WZ/(gw cos θW ) 0.9999998 −7.35× 10−4 −9.63 × 10−7 −2.64 × 10−5 −1.60 × 10−7
gZ(n)WW/(gw cos θW ) 0.9999998 −3.96× 10−4 1.62 × 10−8 −1.42 × 10−5 −1.17 × 10−7
gγ(n)WW/e 1 −1.13× 10−3 −4.04 × 10−5 −7.63 × 10−6 −2.07 × 10−6
g
Z
(n)
R WW
/gw — 5.51 × 10−4 1.99 × 10−5 3.28× 10−6 9.53 × 10−7
g
W
(n)
R WZ
/gw — 7.51 × 10−4 2.71 × 10−5 4.47× 10−6 1.30 × 10−6
NF = 4, zL = 10
4 (θH = 0.0737)
n = 0 1 2 3 4
gW (n)WZ/(gw cos θW ) 0.99999995 −3.32 × 10−4 −3.88 × 10−7 −1.15 × 10−5 −6.04× 10−8
gZ(n)WW/(gw cos θW ) 0.99999995 −1.73 × 10−4 −1.46 × 10−8 −6.18 × 10−6 −4.43× 10−8
gγ(n)WW/e 1 −4.95 × 10−4 −1.76 × 10−5 −3.46 × 10−6 −9.22× 10−7
g
Z
(n)
R WW
/gw — 2.53× 10−4 9.10 × 10−6 1.51 × 10−6 4.37 × 10−7
g
W
(n)
R WZ
/gw — 3.45× 10−4 1.24 × 10−5 2.05 × 10−6 5.96 × 10−7
W (1) decay to tb dominates over decay to other fermion pairs. Partial decay widths of W (1)
to WZ and WH are almost identical:
Γ(W (1) →WH) ≃ Γ(W (1) →WZ), ∴ ηW (1) ≃ 1,
Γ(W
(1)
R →WH) ≃ Γ(W (1)R →WZ), ∴ ηW (1)R ≃ 1. (5.1)
We also find
Γ(W (1) →WH) ∼ Γ(W (1)R →WH), Γ(W (1) →WZ) ∼ Γ(W (1)R → WZ). (5.2)
Since the W
(n)
R boson does not couple to SM fermions, and W
(1)
R decay only to the SM
bosons.
In Tables IX, X and XI, decay widths of Z(1), γ(1) and Z
(1)
R are tabulated, respectively.
Compared with W (1) and W
(1)
R , γ
(1) and Z
(1)
R have large total widths
Γγ(1)/Mγ(1) =


0.151 for NF = 4, zL = 10
5 (θH = 0.115)
0.125 for NF = 4, zL = 10
4 (θH = 0.0737)
(5.3)
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Γ
Z
(1)
R
/M
Z
(1)
R
=


0.129 for NF = 4, zL = 10
5 (θH = 0.115)
0.133 for NF = 4, zL = 10
4 (θH = 0.0737).
(5.4)
From the tables, one finds that
Γ(Z(1) → HZ) ≃
∑
Z′=Z(1),γ(1)
Γ(Z ′ →W+W−), (5.5)
Γ(Z
(1)
R → HZ) ≃ Γ(Z(1)R → W+W−). (5.6)
γ(1) and Z(1) are almost degenerate. The relation (5.5) follows from the relation among
Higgs-vector boson and trilinear vector boson couplings
g2
γ(1)ZH
+ g2
Z(1)ZH
M2Z
≃ (g2γ(1)WW + g2Z(1)WW )
M4Z′
M4Z
, (5.7)
where Mγ(1) ≃MZ(1) ≡MZ′ and gγ(1)ZH = 0.
TABLE VII: Partial and total decay width of W−(1) in the unit of GeV.
NF = 4, zL = 10
5 (θH = 0.115)
mode e−ν¯e µ−ν¯µ τ−ν¯τ du¯ sc¯ bt¯ W−Z W−H total
Γ 2.00 2.00 1.99 5.99 5.98 84.7 42.7 42.1 187
NF = 4, zL = 10
4 (θH = 0.0737)
mode e−ν¯e µ−ν¯µ τ−ν¯τ du¯ sc¯ bt¯ W−Z W−H total
Γ 3.63 3.63 3.62 10.88 10.88 219 46.9 47.2 346
TABLE VIII: Partial and total decay widths of W
−(1)
R in the unit of GeV.
NF = 4, zL = 10
5 (θH = 0.115)
SM fermions W−Z W−H total
0 43.4 43.4 86.8
NF = 4, zL = 10
4 (θH = 0.0737)
SM fermions W−Z W−H total
0 48.7 48.8 97.4
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TABLE IX: Partial and total decay widths of Z(1) in the unit of GeV.
NF = 4, zL = 10
5 (θH = 0.115)
e+e− µ+µ− τ+τ− νeν¯e νµν¯µ ντ ν¯τ uu¯ cc¯ tt¯ dd¯ ss¯ bb¯ W+W− ZH total
40.4 35.7 32.1 1.30 1.30 1.30 53.3 46.1 48.5 15.7 13.8 45.7 16.1 54.8 406
NF = 4, zL = 10
4 (θH = 0.0737)
e+e− µ+µ− τ+τ− νeν¯e νµν¯µ ντ ν¯τ uu¯ cc¯ tt¯ dd¯ ss¯ bb¯ W+W− ZH total
48.1 42.5 38.0 2.36 2.36 2.36 64.4 55.5 84.4 20.3 18.1 106.8 17.8 61.1 564
TABLE X: Partial and total decay width of γ(1) in the unit of GeV.
NF = 4, zL = 10
5 (θH = 0.115)
e+e− µ+µ− τ+τ− νeν¯e νµν¯µ ντ ν¯τ uu¯ cc¯ tt¯ dd¯ ss¯ bb¯ W+W− ZH total
133.0 117.4 105.7 0 0 0 171.0 147.2 93.0 42.8 36.8 23.3 39.3 0 909
NF = 4, zL = 10
4 (θH = 0.0737)
e+e− µ+µ− τ+τ− νeν¯e νµν¯µ ντ ν¯τ uu¯ cc¯ tt¯ dd¯ ss¯ bb¯ W+W− ZH total
158.9 140.2 125.2 0 0 0 204.6 175.0 101.0 51.1 43.8 25.3 43.6 0 1068
6. CROSS SECTION
In this section we evaluate cross sections in pp-collisions for various final states. In the
numerical evaluation we use CTEQ5 parton distribution functions [75].
A. W ′ → tb, µν and Z ′ → ℓ+ℓ−
In Figure 3, the differential cross sections of processes pp→ {W−, W (1)−} → bt¯, µ−ν¯ are
plotted. For light fermion doublet paris ℓν¯, du¯, sc¯ in the final state, due to the flipped-signs of
the couplings to W (1), a clear deficit of cross section just below the resonance Mµν ∼MW (1)
is observed. For processes with bt¯ final state, a deficit of cross section is observed above the
resonance Mtb > MW (1) , since the W
(1)t¯b coupling has opposite sign relative to the W (1)u¯d
coupling.
When the final state contains a neutrino, the transverse momentum distribution dσ/dpT
with respect to the transverse momentum of charged lepton, pT , gives information on the
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TABLE XI: Partial and total decay widths of Z
(1)
R in the unit of GeV.
NF = 4, zL = 10
5 (θH = 0.115)
e+e− µ+µ− τ+τ− νeν¯e νµν¯µ ντ ν¯τ
71.3 63.8 58.0 O(10−16) O(10−11) O(10−7)
uu¯ cc¯ tt¯ dd¯ ss¯ bb¯
92.0 80.4 146.2 23.0 20.1 111.9
W+W− ZH total
30.5 30.7 729
NF = 4, zL = 10
4 (θH = 0.0737)
e+e− µ+µ− τ+τ− νeν¯e νµν¯µ ντ ν¯τ
83.9 75.2 68.1 O(10−13) O(10−10) O(10−6)
uu¯ cc¯ tt¯ dd¯ ss¯ bb¯
108.5 94.6 268.4 27.1 23.7 240.3
W+W− ZH total
34.1 34.3 1058
mass of W ′. The transverse-momentum distribution at parton-level is given in Appendix G.
The pT distribution in pp collision is given by
dσ(pp→ e−ν¯ +X)
dpT
(pT ) =
∫ 1
0
dτ
{
dpT (du¯→ e−ν¯)
dpT
(sppτ, pT ) · dLdu¯
dτ
(τ)
}
, (6.1)
where the parton luminosity dLdu¯/dτ is given in terms of parton distribution functions
fq(x1, Q) by
dLdu¯
dτ
(τ) =
∫ 1
0
dx1
∫ 1
0
dx2[fd(x1, Q)fu¯(x2, Q) + fd(x2, Q)fu¯(x1, Q)]δ(τ − x1x2),
Q = sppτ. (6.2)
In Figure 4 the pT -distribution dσ(pp → e−ν¯)/dpT is plotted. In the figure, Jacobian peak
at pT =MM (1)/2 ≃ 3TeV is observed.
For the process pp(uu¯, dd¯) → Z ′ → ℓ+ℓ−, we show the plot of the differential cross
section dσ/dMµµ in Figure 5. In the plot the updated decay widths of Z
′ (Z ′ = γ(1),
Z(1) and Z
(1)
R ) has been used, which takes bosonic final states (W
+W− and ZH) into
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FIG. 3: pp(du¯)→ {W−, W (1)−} → bt¯, µ−ν¯µ differential cross sections dσ/dMff at √spp = 14 TeV
for NF = 4, zL = 10
5 (θH = 0.115). Mff is the invariant mass of (b, t¯) or (µ, ν¯). Red-solid, black-
dotted lines are for the bt¯ and µ−ν¯ final states in GHU. Blue-dashed line is the cross section in
the SM. Cross sections for the processes pp→ W (1)− → f f¯ ′, (f, f ′) = (e−, νe), (τ−, ντ ) are almost
identical with that of µ−ν¯, whereas cross section for (f, f ′) = (d, u), (s, c) final states is three times
as large as that of µ−ν¯ due to the color factor.
FIG. 4: dσ(pp → e−ν¯e)/dpT as a function of pT at √spp = 14TeV for NF = 4, zL = 105
(θH = 0.115). Red-solid and blue-dashed lines are for the GHU model and the SM, respectively.
account, and is O(10%) bigger than that used in the previous paper [47]. We stress
that the rate of Z ′ production is rather large, and it is promising to see the Z ′ events
at the current LHC Run 2. Since in this model Z ′ bosons have large widths, at the
early stage of LHC experiment, sporadic events of high-energy µ+µ− final states will
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be seen. For θH = 0.115 (MZ(1),γ(1) ∼ 6.0TeV, MZ(1)R ∼ 5.7TeV), with the 30 fb
−1
and
√
spp = 13TeV data, expected numbers of events in GHU NGHU and SM signal
NSM , and significance S are NGHU/NSM(S) = 8.4/3.6 (2.2), 3.9/0.26 (3.7), 2.6/0.02 (4.4),
2.9/0.004 (6.0), 0.65/0.0002 (3.0) and 0.01/1 × 10−5 (0.34) for bins (GeV) [2000, 3000],
[3000, 4000], [4000, 5000], [5000, 6000], [6000, 7000] and [7000, 8000], respectively. In this
case, an excess of high-energy (Mµµ & 3000GeV) events is expected. For smaller θH (heav-
ier MZ′), the signals becomes smaller and more data is required for confirming/rejecting
the model. For θH = 0.0737 (MZ(1),γ(1) ∼ 8.5TeV, MZ(1)R ∼ 7.9TeV), with the 1000
fb−1 and
√
spp = 14TeV data, NGHU/NSM(S) = 140/155 (1.21), 23/12 (2.7), 8.5/1.3 (4.2),
3.7/0.14 (4.12), 0.7/0.006 (2.3) and 0.3/0.0004 (1.7) for bins (GeV) [2000, 3000], [3000, 4000],
[4000, 5000], [5000, 6000], [6000, 7000] and [7000, 8000], respectively.
FIG. 5: Differential cross section dσ/dMµµ of the process pp(uu¯, dd¯)→ {γ, Z, Z(1), γ(1), Z(1)R } →
µ+µ− at
√
s = 14 TeV. Mµµ is the invariant mass of µ
+µ−. Solid [red], dotted [green] and dashed
[blue] lines are the Z ′ resonance in the GHU for NF = 4, zL = 105 (θH = 0.115), NF = 4, zL = 104
(θH = 0.0737) and the SM, respectively. The cross section for the e
+e− final state is identical to
the µ+µ− final state.
B. W ′ →WH and Z ′ → ZH
In Figures 6 and 7, differential cross sections of processes pp → {W−, W (1)−} → W−H
and pp → {Z,Z(1), Z(1)R } → ZH are plotted, respectively. Compared with the WH mode,
cross section for ZH mode is bigger and the width is wider. It is due to the fact that Z(1)
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and Z
(1)
R have large couplings to the right-handed quarks, and their widths are large.
FIG. 6: Differential cross section dσ/MWh of the process pp(du¯) → {W−, W (1)−} → W−H at
√
spp = 14 TeV for NF = 4, zL = 10
5 (θH = 0.115). MWh is the invariant mass of WH. Red-solid
and blue-dashed lines show cross sections in GHU and in the SM, respectively.
FIG. 7: Differential cross section dσ/dMZh of the process pp(uu¯, dd¯) → {Z, Z(1), Z(1)R } → ZH
cross section at
√
spp = 14 TeV for NF = 4, zL = 10
5 (θH = 0.115). MZh is the invariant mass of
ZH. Red-solid and blue-dashed lines show cross sections in GHU and in the SM, respectively.
C. W ′ →WZ and Z ′ →WW
In Figures 8 and 9, differential cross sections of the processes pp →
{γ, Z, Z(1), γ(1), Z(1)R } → W+W− and pp → {W−, W (1)−} → W−Z are plotted, respec-
tively. For the WZ final states, the signal of the resonance of W ′ is a few times larger
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than that of the SM. For the WW final states, the contribution from Z ′ resonances is much
smaller than the SM cross section so that the signal is hard to see.
We comment that there are no s-channel processes with ZZ final states mediated by
vector bosons. The process mediated by KK gravitons [76, 77] can be ignored, as the
couplings of KK gravitons to the SM fields are suppressed by k/MP l ≪ 1, where MP l is the
Planck mass.
FIG. 8: Differential cross section dσ/dMWZ of the process pp(du¯) → {W−,W (1)−} → W−Z
at
√
spp = 14 TeV for NF = 4, zL = 10
5 (θH = 0.115). MWZ is the invariant mass of WZ.
Green-dotted line shows the s-channel W ′ signals in GHU model. Blue-dashed line shows the SM
prediction including s-, t- and u-channels [74]. Red-solid line is the sum of SM and GHU signals.
D. Unitarity in f f¯ ′ →WZ
It is important to see how the unitarity is ensured when vector bosons are involved in
the final states. The unitarity in the W boson scattering, WW →WW in the gauge-Higgs
unification has been studied in [41] by using position-space propagators. In the present
paper we are considering f f¯ → V ′ → WW , WZ. In these processes, t- and u-channel
amplitudes must be included to cancel the growing part of the the s-channel amplitude at
√
s≫ mV ′ (See Fig. 10).
Let us consider the process d(p1)u¯(p2)→ W−(k1)Z(k2). When the initial states are given
by dRuL, there are no s-channel contribution as W
(n) do not couple to the right-handed
quarks. For the final state bosons with longitudinal polarization, εµ(k1) ≃ kµ1 /MW and
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FIG. 9: Differential cross section dσ/dMWW of the process pp(uu¯, dd¯)→ {γ, Z, Z(1), γ(1), Z(1)R } →
W+W− at √spp = 14 TeV for NF = 4, zL = 105 (θH = 0.115). MWW is the invariant mass of
W+W−. Green-dotted line shows the s-channel W ′ signals in GHU model. Blue-dashed line shows
the SM prediction including s-, t- and u-channels [73]. Red-solid line is the sum of SM and GHU
signals.
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FIG. 10: Diagrams of du¯ → WZ at a energy scale above MKK. (a), (b) and (c) represent s-, t-
and u-channels, respectively. W (n) is the n-th KK state of W , whereas D(n) and U (n) are n-th KK
states of d and u, and partners d
(n)
D,X , u
(n)
U,B, respectively.
εν(k2) ≃ kν2/MZ , t- and u-channel amplitudes at very high-energy
√
s≫ mKK are expressed
as
Mt ∼ 1
MWMZ
∑
U
gRWdUg
R
ZuU v¯(p2)/k2PR
(/p1 − /k1)
(p1 − k1)2
/k1PRu(p1)
=
1
2MWMZ
∑
U
gRWdUg
R
ZuU v¯(p2)(/k2 − /k1)PRu(p1), (6.3)
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Mu ∼ 1
MWMZ
∑
D
gRZdDg
R
WuDv¯(p2)/k1PR
(/p1 − /k2)
(p1 − k2)2
/k2PRu(p1)
=
1
2MWMZ
∑
D
gRZdDg
R
WuDv¯(p2)(/k1 − /k2)PRu(p1), (6.4)
where PL/R ≡ (1 ∓ γ5)/2, and U and D denote KK-excited states with QEM = +2/3 and
−1/3, respectively. Here we have retained contributions only from the first KK states of
fermions, as the WuD(n), WdU (n), ZuU (n) and ZdD(n) couplings (n ≥ 2), etc., are all
negligibly small.
In order for the growing parts of Mt and Mu to cancel with each other, the relation
∑
U
gRWUdg
R
ZuU ≃
∑
D
gRZDdg
R
WuD (6.5)
should be satisfied. With the values in Tables XIV-XVIII, one finds that in (6.5)
(L.H.S) ≃ gRWdu(1)gRZuu(1) + gRWdu(1)B g
R
Zuu
(1)
B
= [(−2.95) · (−0.65) + (1.29) · (−1.48)]× 10−4g2w/
√
2, (6.6)
(R.H.S) ≃ gRdd(1)gRWud(1) + gRZdd(1)X g
R
Wud
(1)
X
= [(1.48) · (−1.3) + (0.65) · (2.95)]× 10−4g2w/
√
2. (6.7)
We observe that the relation (6.5) is well satisfied. We note that
gRWdu(1) = −gRWud(1)X , g
R
Zuu(1) = −gRZddX (1),
gR
Wdu
(1)
B
= −gRWud(1), gRZdd(1) = −gRZuuB(1) . (6.8)
When the initial states are given by dLuR, there are contributions from s-channel ampli-
tudes. The condition for the cancellations is given by (c.f. Chapter 21 of [78])
∞∑
n=0
gLW (n)ud gW (n)WZ ≃
∑
U ′
gLWdU ′g
L
ZuU ′ −
∑
D′
gLZdD′g
L
WuD′, (6.9)
where U ′ and D′ represent all SM and non-SM fermions in the first generation with QEM =
2/3 and −1/3, respectively. From Tables XIV, XV, XVII and XVIII in Appendix D, one
finds that WuD(n), WdU (n), ZuU (n) and ZdD(n) couplings (n ≥ 1) are all small. Hence the
right-hand-side of (6.9) will be approximately given by
(R.H.S.) ≃ gWdu(gZuu − gZdd) = 0.877163 · g2w/
√
2, (6.10)
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The left-hand side is approximately given, with use of Tables. IV and VI, by
(L.H.S.) ≃
4∑
n=0
gW (n)udgW (n)WZ = 0.877162 · g2w/
√
2. (6.11)
It is recognized that (6.9) is also quantitatively well-satisfied.
In an analogous way one can confirm the unitarity of the amplitude of f f¯ →W+W−. In
this case KK bosons of γ, Z and ZR are involved in the s-channel amplitudes.
7. SUMMARY
In this paper we have studied the collider signals of W ′ and Z ′ in the SO(5) × U(1)X
gauge-Higgs unification.
First we evaluated the couplings of W ′ and Z ′ to the SM fields. We found that the W (1)
couplings to light fermions and to top-bottom are different in signs, which is explained from
the different behavior of wave functions of fields along the extra dimension.
Next we evaluated the decay rates of neutral and charged KK vector bosons. The total
decay widths of Z ′ are large. ΓZ′/MZ′ = 15%, 6.6% and 13% for Z ′ = γ(1), Z(1) and
Z
(1)
R , respectively. On the other hand, W
(1) has a narrow total width: ΓW (1)/MW (1) ≃ 3%.
Several interesting relations among decay modes (5.1), (5.2), (5.5) and (5.6) are found. In
the warped space W (1) and W
(1)
R can decay to WH and WZ. Decay width of W
′ to WH
and WZ are all nearly equal with each other. For Z ′ it is found that Γ(Z(1) → ZH) ≃
Γ(Z(1) →WW ) + Γ(γ(1) → WW ) and Γ(ZR → ZH) ≃ Γ(ZR →WW ). These properties of
WR and ZR are qualitatively understood in terms of the 4D SO(4)×U(1) model introduced
in Section 4.
Further we have numerically evaluated the s-channel cross sections of W ′ and Z ′ in the
LHC. We studied not only processes with fermionic final states but also bosonic WH , ZH ,
WW and WZ final states. W ′ and Z ′ signals of GHU can be found at the LHC experiment
in the processes pp→ W ′(Z ′) +X , W ′ → tb,WH , and Z ′ → e+e−, µ+µ−, ZH near the W ′
and Z ′ resonances. For θH = 0.115 (MZ(1),γ(1) ≃ 6.0TeV and MZ(1)R ≃ 5.7TeV), with the
data of 30 fb−1,
√
spp = 13TeV at LHC, an excess of the events of µ
+µ− with invariant
mass is expected. (e.g. expected signal[background] is 3.9 [0.29] events for the bin (GeV)
[3000, 4000]).
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In the process with WZ in the final state, it is found that in the amplitude the leading
contributions from the longitudinal polarizations of W and Z in the s-, t- and u-channels
cancel with each other so that the unitarity is preserved, provided that both KK vector
bosons and KK fermions in the intermediate states are taken into account. We have con-
firmed numerically that this cancellation of the leading terms in the amplitude with 6 digits
of precision by taking into account contributions of up to the 4-th level of KK excited states.
We also found that the non-SM 1st KK excited state of fermions can be much lighter
than other KK states. Especially the 1st KK excited top and bottom partners (t
(1)
U,B,T and
b
(1)
D,X,Y ) are the lightest non-SM particles and can be singly produced in colliders. It is seen
in Tables XII and XIII that t
(1)
U,B,T and b
(1)
D,X,Y , which are exotic partners of the top and
bottom quarks respectively, have mass M
t
(1)
U,B,T ,b
(1)
D,X,Y
= 4.6 TeV (5.4 TeV) for θH = 0.115
(0.0737). t
(1)
T and b
(1)
Y have electric charges +5/3 and −4/3 and can be observed in the
processes t+W+ → tT → t+W+ and b+W− → bY → b+W− in colliders [79–81].
The gauge-Higgs unification scenario is promising. It gives many predictions to be tested
at LHC and future colliders. The 4D Higgs boson appears as the gauge boson in the extra
dimension. The gauge hierarchy problem is solved. The AB phase θH is the important
parameter in GHU. Many of the physical quantities are determined by θH . The universal
relations among θH and mKK , Higgs cubic and quartic couplings have been found. Correc-
tions to the decay rates for H → γγ, Zγ due to infinitely many KK states turn out finite
and small. Z ′ and W ′ are predicted around 6 - 8 TeV. Discovery of Z ′ and W ′ is most
awaited.
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Appendix A: Basic formulas
1. SO(5) generators
The SO(5) generators in the spinor-representation are given by
T aL =
1
2

σa 0
0 0

 , T aR = 1
2

0 0
0 σa

 ,
T aˆ =
1
2
√
2

 iσa
−iσa

 , T 4ˆ =

 1
1

 , (A.1)
and tr(T aT b) = 1
2
δab is satisfied. Here σa (a = 1, 2, 3) are Pauli matrices. T aL and T aR are
generators for SU(2)L and SU(2)R subgroups, respectively.
2. Bulk wave functions
a. Gauge boson bulk functions
Bulk functions of gauge bosons C = C(z;λ) and S = S(z;λ) are defined as solutions of
(
d2
dz2
− 1
z
d
dz
+ λ2
)C
S

 = 0, (A.2)
with boundary conditions
C = zL, S = 0, C
′ = 0, S ′ = λ at z = zL. (A.3)
Here C ′ ≡ (d/dz)C etc. The solutions are given by
C(z;λ) = +
π
2
λzzLF1,0(λz, λzL),
C ′(z;λ) = +
π
2
λ2zzLF0,0(λz, λzL),
S(z;λ) = −π
2
λzF1,1(λz, λzL),
S ′(z;λ) = −π
2
λ2zF0,1(λz, λzL), (A.4)
where Fα,β(u, v) ≡ Jα(u)Yβ(v)−Yα(u)Jβ(v) and Jα(x) and Yα(x) are Bessel functions of the
1st and 2nd kind, respectively. C, S and C ′, S ′ satisfy
CS ′ − SC ′ = λ. (A.5)
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b. Fermion bulk functions
Fermion bulk functions CL/R(z;λ, c), SL/R(z;λ, c) are defined by
CL(z;λ, c) = +
π
2
λ
√
zzLFc+ 1
2
,c− 1
2
(λz, λzL),
SL(z;λ, c) = −π
2
λ
√
zzLFc+ 1
2
,c+ 1
2
(λz, λzL),
CR(z;λ, c) = +
π
2
λ
√
zzLFc− 1
2
,c+ 1
2
(λz, λzL),
SR(z;λ, c) = +
π
2
λ
√
zzLFc− 1
2
,c− 1
2
(λz, λzL). (A.6)
These satisfy
D+

CL
SL

 = λ

SR
CR

 , D−

CR
SR

 = λ

SL
CL

 ,
D±(c) ≡ ± d
dz
+
c
z
,
CLCR − SLSR = 1, (A.7)
and
CR = CL = 1, SR = SL = 0, at z = zL. (A.8)
In particular, for c = 0 we have
CL(z;λ, 0) = CR(z;λ, 0) = cos(λ(z − zL)),
SL(z;λ, 0) = −SR(z;λ, 0) = sin(λ(z − zL)). (A.9)
Appendix B: Gauge boson wave functions
Wave functions for a charged vector boson VC = W
(n), W
(m)
R (n = 0, 1, 2, · · · , m =
1, 2, · · · ) are given by 

hLVC
hRVC
hˆVC

 =


vLVCC(z;λVC )
vRVCC(z;λVC )
vˆVC Sˆ(z;λVC )

 , (B.1)
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where


vLVC
vRVC
vˆVC

 = 1√rVC




1 + cH√
2
1− cH√
2
−sH

 VC = W
(n)
1√
1 + c2H


+1− cH√
2
−1− cH√
2
0

 VC = W
(m)
R
(B.2)
with C = C(z;λVC ) etc. cH , sH ≡ cos θH , sin θH . We have defined
Sˆ(z;λ) ≡ C(1;λ)
S(1;λ)
S(z;λ). (B.3)
The mass spectrum {mVC = kλVC} is determined by
2SC ′(1, λW (n)) + λW (n)s
2
H = 0,
C(1;λ
W
(m)
R
) = 0, (B.4)
and normalization factors are given by
r
W
(m)
R
=
∫ zL
1
dz
kz
C(z;λ
W
(m)
R
)2,
rW (n) =
∫ zL
1
dz
kz
{
(1 + c2H)C(z;λW (n))
2 + s2H Sˆ(z;λW (n))
2
}
. (B.5)
Wave functions for the photon γ = γ(0) is given by

hL
γ(0)
hR
γ(0)
hB
γ(0)

 = 1√(1 + s2φ)L


sφ
sφ
cφ

 , hˆγ(0) = 0, (B.6)
where sφ ≡ sin φ and cφ ≡ cos φ. Wave functions for a massive neutral vector boson
V = Z(n), γ(m) and Z
(m)
R (n = 0, 1, 2, · · · , m = 1, 2, · · · ) are given by

hLV
hRV
hˆV
hBV

 =


vLVC(z;λV )
vRV C(z;λV )
vˆV Sˆ(z;λV )
vBV C(z;λV )

 , (B.7)
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where


vLV
vRV
vˆV
vBV

 =
1√
rV


1√
1 + s2φ


(1 + s2φ)(1 + cH)− 2s2φ√
2
(1 + s2φ)(1− cH)− 2s2φ√
2
−(1 + s2φ)sH
−√2sφcφ


V = Z(n)
1√
1 + s2φ


sφ
sφ
0
cφ


V = γ(m),
1√
1 + (1 + 2t2φ)c
2
H


+1− cH√
2
−1− cH√
2
0
√
2tφcH


V = Z
(m)
R ,
(B.8)
where tφ = tanφ. The mass spectrum {mV = kλV } is determined by
C ′(1;λγ(m)) = 0,
2SC ′(1;λZ(n)) + (1 + s
2
φ)λZ(n) sin
2 θH = 0,
C(1;λ
Z
(m)
R
) = 0, (B.9)
and normalization factors are given by rV =
∫ zL
1
dz
kz
FV where
FV =


C(z;λV )
2 V = Z
(m)
R , γ
(m),
c2φC(z;λV )
2 + (1 + s2φ)[c
2
HC(z;λV )
2 + s2H Sˆ(z;λV )
2] V = Z
(n).
(B.10)
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Appendix C: Masses and wave functions of SO(5)-vector fermions
1. Quark sector
a. Qem = +5/3 quark partners (tT )
(T 3L, T 3R) = (+1
2
,+1
2
) of Ψq,g=31 state has an expansion
T (x, z) =
√
kz2
∞∑
n=1
{
t
(n)
T,L(x)
1√
r
t
(n)
T,L
CL(z, λt(n)T
, c1) + t
(n)
T,R(x)
1√
r
t
(n)
T,R
SR(z, λt(n)T
, c1)
}
,
(C.1)
where λ
t
(n)
T
= m
t
(n)
T
/k. The KK mass m
t
(n)
T
is determined by
CL(1, λt(n)T
, c1) = 0. (C.2)
Normalization factors r
t
(n)
T,L/R
are determined so that they satisfy
1
r
t
(n)
T,L
∫ zL
1
CL(z, λ
(n)
T , c1)
2dz =
1
r
t
(n)
T,R
∫ zL
1
SR(z, λ
(n)
T , c1)
2dz = 1, (C.3)
and one finds r
t
(n)
T,L
= r
t
(n)
T,R
.
b. Qem = −4/3 quark partners (bY )
(T 3L, T 3R) = (−1
2
,−1
2
) of Ψq,g=32 state has an expansion
Y (x, z) =
√
kz2
∞∑
n=1
{
b
(n)
Y,L(x)
1√
r
b
(n)
Y,L
CL(z, λb(n)Y
, c2) + b
(n)
Y,R(x)
1√
r
b
(n)
Y,R
SR(z, λb(n)Y
, c2)
}
,
(C.4)
where λ
b
(n)
Y
= m
b
(n)
Y
/k and m
b
(n)
Y
is the KK mass, which is determined by
CL(1, λb(n)Y
, c2) = 0. (C.5)
Factors r
b
(n)
Y,L/R
are normalized so that they satisfy
1
r
b
(n)
Y,L
∫ zL
1
CL(z, λb(n)Y
, c2)
2dz =
1
r
b
(n)
Y,R
∫ zL
1
SR(z, λb(n)Y
, c2)
2dz = 1, (C.6)
and one finds that r
b
(n)
Y,L
= r
b
(n)
Y,R
.
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c. Qem = +2/3 quark and its partners (t, tB, tU )
(T 3L, T 3R) = (+1
2
,−1
2
), (−1
2
,+1
2
) and (0, 0) of Ψ1 states B, t, t
′ together with (+1
2
,+1
2
) of
Ψ2 state U have Qem = +2/3 states. For the third generation Ψ
q,g=3
a=1,2 contain tˆ, tˆB and tˆU .
We have an expansion as follows.


U
t
B
t′

 (x, z) =
√
kz2
∞∑
n=0
{
t
(n)
L (x)
1√
r
t
(n)
L


a
(t)
U C
(t(n))
L (z)
a
(t)
t C
(t(n))
L (z)
a
(t)
B C
(t(n))
L (z)
a
(t)
t′ Sˆ
(t(n))
L (z)

+ t
(n)
R (x)
1√
r
t
(n)
R


a
(t)
U S
(t(n))
R (z)
a
(t)
t S
(t(n))
R (z)
a
(t)
B S
(t(n))
R (z)
a
(t)
t′ Cˆ
(t)
R (z)


}
+
√
kz2
∞∑
n=1
{
t
(n)
B,L(x)
1√
r
t
(n)
B,L


a
(tB)
U C
(t
(n)
B )
L (z)
a
(tB)
t C
(t
(n)
B )
L (z)
a
(tB)
B C
(t
(n)
B )
L (z)
a
(tB)
t′ Sˆ
(t
(n)
B )
L (z)


+ t
(n)
B,R(x)
1√
r
t
(n)
B,R


a
(tB)
U S
(t
(n)
B )
R (z)
a
(tB)
t S
(t
(n)
B )
R (z)
a
(tB)
B S
(t
(n)
B )
R (z)
a
(tB)
t′ Cˆ
(t
(n)
B )
R (z)


}
+
√
kz2
∞∑
n=1
{
t
(n)
U,L(x)
1√
r
t
(n)
U,L


a
(tU )
U C
(t
(n)
U )
L (z)
a
(tU )
t C
(t
(n)
U )
L (z)
a
(tU )
B C
(t
(n)
U )
L (z)
a
(tU )
t′ Sˆ
(t
(n)
U )
L (z)


+ t
(n)
U,R(x)
1√
r
t
(n)
U,R


a
(tU )
U S
(t
(n)
U )
R (z)
a
(tU )
t S
(t
(n)
U )
R (z)
a
(tU )
B S
(t
(n)
U )
R (z)
a
(tU )
t′ Cˆ
(t
(n)
U )
R (z)


}
,
(C.7)
where C
(t
(n)
B )
L (z) ≡ CL(z, λt(n)B , c), λt(n)B = mt(n)B /k etc. We have defined
{SˆL(z, λ, c), CˆR(z, λ, c)} ≡ CL(1, λ, c)
SL(1, λ, c)
{SL(z, λ, c), CR(z, λ, c)}. (C.8)
KK masses mt(n) , mt(n)B
and m
t
(n)
U
are determined by
s2H
(µq2)
2
(µq2)
2 + (µ˜q)2
+ 2SRSL(z = 1;λt(n), c) = 0, c1 = c2 ≡ c, (C.9)
and
CL(1, λt(n)B
, c1) = 0,
CL(1, λt(n)U
, c) = 0, (C.10)
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respectively. Common coefficients are given by


a
(t)
U
a
(t)
t
a
(t)
B
a
(t)
t′

 =


−√2µ˜/µ2
(1 + cH)/
√
2
(1− cH)/
√
2
−sH

 ,


a
(tB)
U
a
(tB)
t
a
(tB)
B
a
(tB)
t′

 =


0
(cH − 1)/
√
2
(cH + 1)/
√
2
0

 ,


a
(tU )
U
a
(tU )
t
a
(tU )
B
a
(tU )
t′

 =


1 + c2H
(µ˜/µ2)(1 + cH)
(µ˜/µ2)(1− cH)
0

 , (C.11)
Normalization factors r
f
(n)
L
, r
f
(n)
R
(f = t, tB, tU) are determined by
1
r
f
(n)
L
∫ zL
1
{[(a(f)U )2 + (a(f)t )2 + (a(f)B )2](C(f
(n))
L )
2 + (a
(f)
t′ )
2(Sˆ
(f(n))
L )
2]}dz
=
1
r
f
(n)
R
∫ zL
1
{[(a(f)U )2 + (a(f)t )2 + (a(f)B )2](S(f
(n))
R )
2 + (a
(f)
t′ )
2(Cˆ
(f(n))
R )
2]}dz = 1, (C.12)
and one finds that r
f
(n)
L
= r
f
(n)
R
are satisfied.
d. Qem = −1/3 quark and its partners (b, bD, bX)
(T 3L, T 3R) = (−1
2
,−1
2
) of Ψ1 states b together with (+
1
2
,−1
2
), (−1
2
,+1
2
) and (0, 0) of Ψ2
states X,D, b′ have Qem = −1/3 states. For the third generation the corresponding towers
are bˆ, bˆD and bˆX . Hence we have an expansion

b
X
D
b′

 (x, z) =
√
kz2
∞∑
n=0
{
b
(n)
L (x)
1√
r
b
(n)
X,L


a
(b)
b C
(b(n))
L (z)
a
(b)
X C
(b(n))
L (z)
a
(b)
D C
(b(n))
L (z)
a
(b)
b′ Sˆ
(b(n))
L (z)

+ b
(n)
R (x)
1√
r
b
(n)
X,R


a
(b)
b S
(b(n))
R (z)
a
(b)
X S
(b(n))
R (z)
a
(b)
D S
(b(n))
R (z)
a
(b)
b′ Cˆ
(b(n))
R (z)


}
+
√
kz2
∞∑
n=1
{
b
(n)
X,L(x)
1√
r
b
(n)
X,L


a
(bX)
b C
(b
(n)
X )
L (z)
a
(bX)
X C
(b
(n)
X )
L (z)
a
(bX)
D C
(b
(n)
X )
L (z)
a
(bX )
b′ Sˆ
(b
(n)
X )
L (z)


+ b
(n)
X,R(x)
1√
r
b
(n)
X,R


a
(bX )
b S
(b
(n)
X )
R (z)
a
(bX )
X S
(b
(n)
X )
R (z)
a
(bX )
D S
(b
(n)
X )
R (z)
a
(bX )
b′ Cˆ
(b
(n)
X )
R (z)


}
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+
√
kz2
∞∑
n=1
{
b
(n)
D,L(x)
1√
r
b
(n)
D,L


a
(bD)
b C
(b
(n)
D )
L (z)
a
(bD)
X C
(b
(n)
D )
L (z)
a
(bD)
D C
(b
(n)
D )
L (z)
a
(bD)
b′ Sˆ
(b
(n)
D )
L (z)


+ b
(n)
D,R(x)
1√
r
b
(n)
D,R


a
(bD)
b S
(b
(n)
D )
R (z)
a
(bD)
X S
(b
(n)
D )
R (z)
a
(bD)
D S
(b
(n)
D )
R (z)
a
(bD)
b′ Cˆ
(b
(n)
D )
R (z)


}
,
(C.13)
where λ
b
(n)
X
≡ m
b
(n)
X
/k etc. Mass spectra mb(n) , mb(n)X
, m
b
(n)
D
are determined by
s2H
(µ˜q)2
(µq2)
2 + (µ˜q)2
+ 2SRSL(1;λb(n) , c) = 0, c1 = c2 ≡ c (C.14)
and
CL(1;λb(n)X
, c1) = 0,
CL(1;λb(n)D
, c) = 0. (C.15)
Combining (C.9) and (C.14), one finds(
µ˜q
µq2
)2
= −
{
1 +
s2H
2SLSR(1;λt(n), c)
}
= −
{
1 +
s2H
2SLSR(1;λb(n), c)
}−1
, (C.16)
and c and µ˜q/µq2 are determined from the masses of top and bottom quarks. Common
coefficients are given by

a
(b)
b
a
(b)
X
a
(b)
D
a
(b)
b′

 = −


−√2µ2/µ˜
(1− cH)/
√
2
(1 + cH)/
√
2
sH

 ,


a
(bD)
b
a
(bD)
X
a
(bD)
D
a
(bD)
b′

 =


(µ˜/µ2)(1 + c
2
H)
1− cH
1 + cH
0

 ,


a
(bX )
b
a
(bX )
X
a
(bX )
D
a
(bX )
b′

 =


0
(1 + cH)/
√
2
(1− cH)/
√
2
0

 , (C.17)
Factors r
f
(n)
L/R
(f = b, bX , bD) are normalized so that
1
r
f
(n)
L
∫ zL
1
{[(a(f)b )2 + (a(f)X )2 + (a(f)D )2](C(f)L )2 + (a(f)b′ )2(Sˆ(f)L )2]}dz
=
1
r
f
(n)
R
∫ zL
1
{[(a(f)b )2 + (a(f)X )2 + (a(f)D )2](S(f)R )2 + (a(f)b′ )2(Cˆ(f)R )2]}dz = 1, (C.18)
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and one finds r
f
(n)
L
= r
f
(n)
R
are satisfied.
In Table XII and XIII, masses of KK fermions are tabulated. In tables masses of exotic
partners of up- and down-type quarks are
M
u
(n)
U
=M
u
(n)
B
=M
u
(n)
T
≡M
u
(n)
x
,
M
d
(n)
D
= M
d
(n)
X
=M
d
(n)
Y
≡ M
d
(n)
x
, (C.19)
and M
u
(n)
x
= M
d
(n)
x
are satisfied.
Here we note that KK masses of exotics largely depend on their bulk mass parameters.
In particular, since the bulk mass parameter of top and bottom quarks approaching to zero
for smaller zL (θH), the mass spectrum for exotic partners of top and bottom quarks are
approximately given by CL(1;λf(1) , ct = 0) = cos((zL − 1)mf(1)/k) = 0 so that
mf(1) ≃
mKK
2
, f = tT,U,B, bY,X,D. (C.20)
TABLE XII: Masses of KK fermions for NF = 4, zL = 10
5 (θH = 0.115) in the unit of TeV. Mq(n)x
is the mass of the n-th KK excited state of exotic partners of q-quark (see text).
n 1 2 3 4
Mu(n) 9.19 12.23 16.71 20.00
Md(n) 9.19 12.23 16.71 20.00
Mt(n) 6.62 8.17 13.99 15.62
Mb(n) 6.64 8.15 14.01 15.60
M
u
(n)
x
=M
d
(n)
x
9.19 16.71 24.15 31.58
M
t
(n)
x
=M
b
(n)
x
4.64 11.99 19.38 26.78
2. Lepton sector
For charged lepton, neutrino and their exotic partners, KK states are given as follows.
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TABLE XIII: Same as Table XII but for NF = 4, zL = 10
4 (θH = 0.0737).
n 1 2 3 4
Mu(n) 14.02 18.24 24.61 29.16
Md(n) 14.02 18.24 24.61 29.16
Mt(n) 10.11 10.59 20.45 20.95
Mb(n) 10.18 10.52 20.52 20.88
M
u
(n)
x
=M
d
(n)
x
14.02 24.61 35.06 45.46
M
t
(n)
x
=M
b
(n)
x
5.40 15.73 26.07 36.42
a. Qem = +1 and −2 lepton partners
(T 3L, T 3R) = (−1
2
,−1
2
) of Ψ3, L1Y , and (
1
2
, 1
2
) of Ψ4, L2X , have Qem = −2 and +1,
respectively. For the third generation, they are expanded as
L2X(x, z) =
√
kz2
∞∑
n=1
{
ν
(n)
τ2X,L(x)
1√
r
ν
(n)
τ2X,L
CL(z;λν(n)τ2X
, c4)
+ν
(n)
τ2X,R(x)
1√
r
ν
(n)
τ2X,R
SR(z;λν(n)τ2X
, c4)
}
, (C.21)
L1Y (x, z) =
√
kz2
∞∑
n=1
{
τ
(n)
1Y,L(x)
1√
r
τ
(n)
1Y,L
CL(z;λτ (n)1Y
, c3)
+τ
(n)
1Y,R(x)
1√
r
τ
(n)
1Y,R
SR(z;λτ (n)1Y
, c3)
}
, (C.22)
where the KK masses are given by (m
ν
(n)
τ2X
, m
τ
(n)
1Y
) = k(λ
(n)
ντ2X , λτ (n)1Y
) and determined by
CL(1;λν(n)τ2X
, c4) = CL(1;λτ (n)1Y
, c3) = 0. (C.23)
Normalization factors are determined by
1
r
f
(n)
L
∫ zL
1
CL(z;λf(n) , c)
2dz =
1
r
f
(n)
R
∫ zL
1
SR(z;λf(n) , c)
2dz = 1, (C.24)
for (f, c) = (τ1Y , c3), (ντ2X , c4).
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b. Qem = −1 charged lepton and its partners
(T 3L, T 3R) = (−1
2
, 1
2
), (1
2
,−1
2
) and (0, 0) of Ψ3 together with (−12 ,−12) of Ψ4 are Qem = −1
states. They are expanded as


L3Y
L1X
τ
τ ′

 (x, z) =
√
kz2
∑
f
∑
n
{
f
(n)
L
1√
r
f
(n)
L


a
(f)
3Y C
f(n)
L (z)
a
(f)
1XC
f(n)
L (z)
a
(f)
τ C
f(n)
L (z)
a
(f)
τ ′ Sˆ
f(n)
L (z)

 + f
(n)
R
1√
r
f
(n)
R


a
(f)
3Y S
f(n)
R (z)
a
(f)
1XS
f(n)
R (z)
a
(f)
τ S
f(n)
R (z)
a
(f)
τ ′ Cˆ
f(n)
R (z)


}
,
(C.25)
where f = τ , τ1X and τ3Y and C
f(n)
L (z) ≡ CL(z;λf(n) , c) etc. Common coefficients are given
by


a
(f)
3Y
a
(f)
1X
a
(f)
τ
a
(f)
τ ′

 =


√
2µ˜
µ3
1−cH√
2
1+cH√
2
sH

 ,


0
cH+1√
2
cH−1√
2
0

 and


1 + c2H
(1− cH) µ˜ℓµℓ3
(1 + cH)
µ˜ℓ
µℓ3
0


, (C.26)
for f = τ , τ1X and τ3Y , respectively. The mass of τ
(n) is given by mτ (n) = kλτ (n) where λτ (n)
are determined by
s2H
(µℓ3)
2
(µℓ3)
2 + (µ˜ℓ)2
+ 2SLSR(z = 1;λτ (n), cℓ) = 0, (C.27)
and τ (0) corresponds to the tau lepton. For τ
(n)
E (E = 3Y and 1X , n = 1, 2, · · · ), the KK
masses are determined by
CL(1;λτ (n)
E
, cℓ) = 0, mτ (n)
E
≡ kλ
τ
(n)
E
. (C.28)
Normalization factors are determined by
1
r
f
(n)
L
∫ zL
1
{[
(a
(f)
3Y )
2 + (a
(f)
1X)
2 + (a(f)τ )
2](C
(f)
L )
2 + (a
(f)
τ ′ )
2(Sˆ
(f)
L )
2
]}
dz
=
1
r
f
(n)
R
∫ zL
1
{[
(a
(f)
3Y )
2 + (a
(f)
1X)
2 + (a(f)τ )
2](S
(f)
R )
2 + (a
(f)
τ ′ )
2(Cˆ
(f)
R )
2
]}
dz = 1, (C.29)
where f = τ ,τ3Y and ττ1X . One finds rf(n)L
= r
f
(n)
R
are satisfied.
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c. Qem = 0 neutrino and its partners
(T 3L, T 3R) = (1
2
, 1
2
) of Ψ3, and (
1
2
,−1
2
) and (−1
2
, 1
2
) and (0, 0) of Ψ4 are Qem = 0 states.
They are expanded as

ν
L3X
L2Y
ν ′

 (x, z) =
√
kz2
∑
f
∑
n
{
f
(n)
L
1√
r
f
(n)
L


a
(f)
ν C
f(n)
L (z)
a
(f)
3XC
f(n)
L (z)
a
(f)
2Y C
f(n)
L (z)
a
(f)
ν′ Sˆ
f(n)
L (z)

 + f
(n)
R
1√
r
f
(n)
R


a
(f)
ν S
f(n)
R (z)
a
(f)
3XS
f(n)
R (z)
a
(f)
2Y S
f(n)
R (z)
a
(f)
ν′ Cˆ
f(n)
R (z)


}
,
(C.30)
where f = ν, ντ3X and ντ2Y . C
f(n)
L = CL(z;λf(n) , c), c3 = c4 ≡ cℓ etc. Common coefficients
are given by 

a
(f)
ν
a
(f)
3X
a
(f)
2Y
a
(f)
ν′

 =


√
2µℓ3
µ˜ℓ
−1+cH√
2
−1−cH√
2
sH

 ,


0
1−cH√
2
1+cH√
2
0

 , and


(1 + c2H)
µ˜ℓ
µℓ3
1 + cH
1− cH
0


(C.31)
for f = τ , ντ2Y and ντ3X , respectively. KK masses of ν
(n)
τ , mν(n)τ ≡ kλν(n)τ ,(n = 0, 1, 2, · · · )
are determined by
s2H
(µ˜ℓ)2
(µℓ3)
2 + (µ˜ℓ)2
+ 2SLSR(z = 1;λν(n), cℓ) = 0, (C.32)
and ν
(0)
τ corresponds to the tau neutrino. From (C.27) and (C.32), one finds(
µℓ3
µ˜ℓ
)2
= −
{
1 +
s2H
2SLSR(1;λν(n)τ , c)
}
= −
{
s2H
2SLSR(1;λτ (n), c)
}−1
, (C.33)
and c and µ˜ℓ/µℓ3 are determined from the masses of τ and ντ . For ν
(n)
τN (N = 3X and 1Y ,
n = 1, 2, · · · ), the KK masses are determined by
CL(1;λ
(n)
ντN
, cℓ) = 0, mν(n)τN
≡ kλ
ν
(n)
τN
. (C.34)
Normalization factors are determined by
1
r
f
(n)
L
∫ zL
1
{[
(a(f)ν )
2 + (a
(f)
3X)
2 + (a
(f)
2Y )
2](C
(f)
L )
2 + (a
(f)
ν′ )
2(Sˆ
(f)
L )
2
]}
dz
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=
1
r
f
(n)
R
∫ zL
1
{[
(a(f)ν )
2 + (a
(f)
3X)
2 + (a
(f)
2Y )
2](S
(f)
R )
2 + (a
(f)
ν′ )
2(Cˆ
(f)
R )
2
]}
dz = 1, (C.35)
for f = ν, ν3X and ν2Y . One finds rf(n)L
= r
f
(n)
R
are satisfied.
Appendix D: Fermion couplings
The KK expansions (C.1), (C.4), (C.7) (C.13), (C.21), (C.22), (C.25) and (C.30) are
written in the form of
T (x, z) =
√
kz2
∞∑
n=1
[t
(n)
T,L(x)f
t
(n)
T
TL (z) + t
(n)
T,R(x)f
(t
(n)
T )
TR (z)],
Y (x, z) =
√
kz2
∞∑
n=1
[b
(n)
Y,L(x)f
b
(n)
Y
Y L (z) + b
(n)
Y,R(x)f
(b
(n)
Y )
Y R (z)], (D.1)


U
t
B
t′

 (x, z) =
√
kz2
∑
tu=t,tB ,tU
∑
n
{
tu,L(x)


f t
(n)
u
UL (z)
f t
(n)
u
tL (z)
f t
(n)
u
BL (z)
f t
(n)
u
t′L (z)

+ tu,R(x)


f t
(n)
u
UR (z)
f t
(n)
u
tR (z)
f t
(n)
u
BR (z)
f t
(n)
u
t′R (z)


}
, (D.2)


b
X
D
b′

 (x, z) =
√
kz2
∑
bd=b,bX ,bD
∑
n
{
bd,L(x)


f
b
(n)
d
bL (z)
f
b
(n)
d
XL (z)
f
b
(n)
d
DL (z)
f t
(n)
u
b′L (z)


+ bd,R(x)


f
b
(n)
d
bR (z)
f
b
(n)
d
XR (z)
f
b
(n)
d
DR (z)
f
b
(n)
d
b′R (z)


}
. (D.3)
In terms of these wave functions we write gauge-boson couplings and Yukawa couplings as
follows.
1. Vector boson couplings
a. ψ¯
(−1/3)
n V −ψ
(2/3)
m and ψ¯
(−1)
n V −ψ
(0)
m couplings
For bd = b, bD, bX , tu = t, tU , tB and V
− =W−,W−R we have∫
dz
kz4
Ψ¯1[γ
µgAAµ + Ψ¯2γ
µgAAµΨ2]
⊃ b¯(n)dL V −µ t(m)uL · gw
√
L
∫ zL
1
dz
1√
2
{
hLV
[
f
b
(n)
b
bL f
t
(m)
u
tL + f
b
(n)
d
DL f
t
(m)
u
UL
]
+ hRV
[
f
b
(n)
d
bL f
t
(m)
u
BL + f
b
(n)
d
XL f
t
(m)
u
UL
]
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+hˆV
[
f
b
(n)
d
bL f
t
(m)
u
t′L − f
b
(n)
d
b′L f
t
(m)
u
UL
]}
+H.c.
≡ b¯(n)dL V −µ t(m)uL · gLV d(n)d t(m)u +H.c. (D.4)
and right-handed couplings with replacements L→ R in spinors and their wave functions.
For leptons couplings we obtain ℓ¯V −ν couplings from the above formula with replacements
bd → τE , tu → ντN , (b, bD, bX , b′)→ (τ, τ3Y , τ1X , τ ′),
(t, tU , tB, t
′)→ (ντ , ντ2Y , ντ3X , ν ′τ ). (D.5)
b. ψ¯
(2/3)
n Vµψ
(2/3)
m and ψ¯
(−1/3)
n Vµψ
(−1/3)
m
For up-type quarks and their exotic partners tu, tu′ = t, tB, tU , down-type quarks and
their exotic partners bd, bd′ = b, bD, bX and neutral vector boson V = γ
(l), Z(l), Z
(l)
R , we have
t¯uV tu′ and b¯dV bd′ couplings as
gAΨ¯1γ
µ
[
Aµ +
(
2
3
)
gB
gA
Bµ
]
Ψ1 + gAΨ¯2γ
µ
[
Aµ +
(
−1
3
)
gB
gA
Bµ
]
Ψ2
⊃ t¯(n)u′LγµVµt(m)uL · gw
√
L
∫ zL
1
dz
{
1
2
(hLV − hRV )
[
−f t
(n)
u′
BL f
t
(m)
u
BL + f
t
(n)
u′
tL f
t
(m)
u
tL
]
+
1
2
(hLV + h
R
V )f
t
(n)
u′
UL f
t
(m)
u
UL
+
1
2
hˆV
[
f
t
(n)
u′
t′L
(
f t
(m)
u
BL + f
t
(m)
u
tL
)
+
(
f
t
(n)
u′
BL + f
t
(n)
u′
tL
)
f t
(m)
u
t′L
]
+
gB
gA
hBV
[
2
3
(
f
t
(n)
u′
tL f
t
(m)
u
tL + f
t
(n)
u′
BL f
t
(m)
u
BL + f
t
(n)
u′
t′L f
t
(m)
u
t′L
)
− 1
3
(
f
t
(n)
u′
UL f
t
(m)
u
UL
)]}
+H.c.
+b¯
(n)
d′Lγ
µVµb
(m)
dL · gw
√
L
∫ zL
1
dz
{
1
2
(hLV − hRV )
[
−f b
(n)
d′
DL f
b
(m)
d
DL + f
d
(n)
b′
XL f
d
(m)
b
XL
]
−1
2
(hLV + h
R
V )f
b
(n)
d′
bL f
b
(m)
d
bL
+
1
2
hˆV
[
f
b
(n)
d′
b′L
(
f
b
(m)
d
XL + f
b
(m)
d
DL
)
+
(
f
b
(n)
d′
XL + f
b
(n)
d′
DL
)
f
b
(m)
d
b′L
]
+
gB
gA
hBV
[
−1
3
(
f
b
(n)
d′
XL f
b
(m)
d
XL + f
b
(n)
d′
DL f
b
(m)
d
DL + f
b
(n)
d′
b′L f
b
(m)
d
b′L
)
+
2
3
(
f
b
(n)
d′
bL f
b
(m)
d
bL
)]}
+H.c.
≡ t¯(n)u′LγµVµt(m)uL · gLV t(n)
u′
t
(m)
u
+H.c. + b¯
(n)
d′Lγ
µVµb
(m)
dL · gLV b(n)
d′
b
(m)
d
+H.c. (D.6)
and right-handed couplings. Lepton couplings ψ¯(−1)Vµψ(−1) and ψ¯(0)Vµψ(0) are obtained
from the above formula with replacements (D.5).
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We note that photon wave functions (B.6) which can be rewritten as
hLγ(0) = h
R
γ(0) =
gB
gA
hBγ(0) =
sin θW√
L
, hˆγ(0) = 0 (D.7)
yield proper electromagnetic couplings Qemeψ¯γ
µAγµψ.
c. ψ¯
(2/3)
n V −µ ψ
(5/3)
m and ψ¯
(0)
n V −µ ψ
(+1)
m
For tT , tu = t, tU , tB and V
− =W−,W−R we have∫
dz
kz4
Ψ¯1γ
µgAAµΨ1
⊃ t¯(n)uLγµV −µ t(m)TL · gw
√
L
∫ zL
1
dz
1√
2
{
hLV
[
f t
(n)
u
BL f
t
(m)
T
TL
]
+ hRV
[
f t
(n)
u
tL f
t
(m)
T
TL
]
−hˆV
[
f t
(n)
u
t′L f
t
(m)
T
TL
]}
+H.c.
≡ t¯(n)uLγµV −µ t(m)TL · gLV t(n)u t(m)T +H.c. (D.8)
and corresponding right-handed couplings.
Lepton couplings are obtained from the above formula with replacements (D.5) and
tT → ντ2X , fT → fντ2X . (D.9)
d. ψ¯
(−1/3)
n V +µ ψ
(−4/3)
m and ψ¯
(−1)
n V +µ ψ
(−2)
m couplings
For bY , bd = b, bX , bD and V
+ =W+,W+R , we have∫
dz
kz4
Ψ¯2γ
µgAAµΨ2
⊃ b¯(n)dL V +µ b(m)Y L · gw
√
L
∫ zL
1
dz
1√
2
{
hLV
[
f
b
(n)
d
XL f
b
(m)
Y
Y L
]
+ hRV
[
f
b
(n)
d
DL f
b
(m)
Y
Y L
]
+hˆV
[
f
b
(n)
d
b′L f
b
(m)
Y
Y L
]}
+H.c.
≡ b¯(n)dL V +µ b(m)Y L · gLV b(n)d b(m)Y +H.c. (D.10)
and corresponding right-handed couplings.
Lepton couplings are obtained from the above formula with replacements (D.5) and
bY → τ1Y , fY → f1Y . (D.11)
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e. Numerical values
In Tables XIV - XVIII, KK fermions’ couplings to W and Z bosons for NF = 4, zL = 10
5
(θH = 0.115) are tabulated.
TABLE XIV: Couplings of the W boson to the up-quark and KK excited down-type states in unit
of gw/
√
2 for NF = 4, zL = 10
5 (θH = 0.115).
n = 1 2 3 4
gL
Wu(0)d(n)
/(gw/
√
2) −4.28 × 10−9 −2.98× 10−7 −5.77 × 10−8 9.24 × 10−6
gR
Wu(0)d(n)
/(gw/
√
2) −1.30 × 10−2 −3.67 × 10−13 −2.16 × 10−3 −1.87 × 10−13
gL
Wu(0)d
(n)
D
/(gw/
√
2) 1.59× 10−8 −3.54× 10−9 2.52 × 10−9 −1.58× 10−9
gR
Wu(0)d
(n)
D
/(gw/
√
2) 2.95× 10−2 4.91 × 10−3 1.62 × 10−3 7.27 × 10−4
gL
Wu(0)d
(n)
X
/(gw/
√
2) 8.90× 10−8 −1.22× 10−7 1.50 × 10−7 −1.73× 10−7
gR
Wu(0)d
(n)
X
/(gw/
√
2) 1.23 × 10−14 −9.31 × 10−15 7.87 × 10−15 −6.97 × 10−15
TABLE XV: Couplings of the W boson to the down-quark and KK excited up-type states in unit
of gw/
√
2 for NF = 4, zL = 10
5 (θH = 0.115).
n = 1 2 3 4
gL
Wd(0)u(n)
/(gw/
√
2) −3.36 × 10−8 −1.21× 10−7 6.54 × 10−9 3.46 × 10−8
gR
Wd(0)u(n)
/(gw/
√
2) −2.95 × 10−2 −3.68 × 10−13 −4.92× 10−3 −1.87 × 10−13
gL
Wd(0)u
B(n)
/(gw
√
2) 1.44 × 10−24 −2.48 × 10−24 −1.99 × 10−24 −4.23 × 10−24
gR
Wd(0)u
(n)
B
/(gw/
√
2) 5.21 × 10−31 −4.15 × 10−31 −4.21 × 10−32 −2.99 × 10−31
gL
Wd(0)u
(n)
U
/(gw/
√
2) 1.59× 10−8 −3.54× 10−9 2.52 × 10−9 −1.58 × 10−9
gR
Wd(0)u
(n)
U
/(gw/
√
2) 1.29× 10−2 2.15 × 10−3 7.12 × 10−4 3.19 × 10−4
2. Higgs Yukawa couplings
Yukawa couplings among Higgs H(k) and quark-sector fermions are read from
∑
i=1,2
∫ zL
1
√−gez5iΨiΓm(−igAAz)Ψi
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TABLE XVI: Couplings of the W boson to the up- or down-quark and KK excite states with
non-SM electric charges in unit of gw/
√
2 for NF = 4, zL = 10
5 (θH = 0.115).
n = 1 2 3 4
gL
Wu(0)u
(n)
T
/(gw/
√
2) −1.74× 10−7 3.86 × 10−9 −2.75× 10−9 1.72 × 10−9
gR
Wu(0)u
(n)
T
/(gw/
√
2) −3.22× 10−2 −5.37× 10−3 −1.78× 10−3 −7.94 × 10−4
gL
Wd(0)d
(n)
Y
/(gw/
√
2) −3.96× 10−8 8.82 × 10−9 −6.29× 10−9 3.93 × 10−9
gR
Wd(0)d
(n)
Y
/(gw/
√
2) −3.22× 10−2 −5.37× 10−3 −1.78× 10−3 −7.94 × 10−4
TABLE XVII: Couplings of the Z boson to the up quark and KK excited states in unit of gw/ cos θW
for NF = 4, zL = 10
5 (θH = 0.115).
n = 0 1 2 3 4
gL
Zu(0)u(n)
/(gw/ cos θW ) 0.345912 −2.26× 10−9 −5.04 × 10−8 5.61 × 10−11 1.82× 10−8
gR
Zu(0)u(n)
/(gw/ cos θW ) −0.154263 −6.47× 10−3 −8.43 × 10−6 −1.08 × 10−3 −1.20 × 10−7
gL
Zu(0)u
(n)
B
/(gw/ cos θW ) – −8.65× 10−9 1.93 × 10−9 −1.37 × 10−9 8.59 × 10−10
gR
Zu(0)u
(n)
B
/(gw/ cos θW ) – −1.61× 10−2 −2.68 × 10−3 −8.85 × 10−4 −3.96 × 10−4
gL
Zu(0)u
(n)
U
/(gw/ cos θW ) – −7.98× 10−9 1.78 × 10−9 −1.27 × 10−9 7.92 × 10−10
gR
Zu(0)u
(n)
U
/(gw/ cos θW ) – −1.48× 10−2 −2.47 × 10−3 −8.17 × 10−4 −3.65 × 10−4
TABLE XVIII: Couplings of the Z boson to the down quark and KK excited states in unit of
gw/ cos θW for NF = 4, zL = 10
5 (θH = 0.115).
n = 0 1 2 3 4
gL
Zd(0)d(n)
/(gw/ cos θW ) −0.423018 4.46 × 10−8 −3.32 × 10−7 −4.12 × 10−8 5.27 × 10−7
gR
Zd(0)d(n)
/(gw/ cos θW ) 0.0771316 1.48 × 10−2 4.22× 10−6 2.47× 10−3 6.00 × 10−8
gL
Zd(0)d
(n)
X
/(gw/ cos θW ) – −1.77 × 10−8 4.74× 10−8 −6.02 × 10−8 7.13 × 10−8
gR
Zd(0)d
(n)
X
/(gw/ cos θW ) – 1.62 × 10−2 2.69× 10−3 8.91× 10−4 3.99 × 10−4
gL
Zd(0)d
(n)
D
/(gw/ cos θW ) – 8.00 × 10−9 −1.78 × 10−9 1.27× 10−9 −7.94 × 10−10
gR
Zd(0)d
(n)
D
/(gw/ cos θW ) – 6.51 × 10−3 1.08× 10−3 3.58× 10−4 1.60 × 10−4
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⊃ H(k)
(
t¯
(m)
uL t
(n)
u′R + t¯
(n)
u′Rt
(m)
uL
)
(x)
×1
2
gw
√
L
∫ zL
1
uH(k)(z)
[
f t
(m)
u
t′L
(
f
t
(n)
u′
BR − f
t
(n)
u′
tR
)
−
(
f t
(m)
u
BL − f t
(m)
u
tL
)
f
t
(n)
u′
t′R
]
dz
−H(k)
(
t¯
(m)
uR t
(n)
u′L + t¯
(n)
u′Lt
(m)
uR
)
(x)
×1
2
gw
√
L
∫ zL
1
uH(k)(z)
[
f t
(m)
u
t′R
(
f
t
(n)
u′
BL − f
t
(n)
u′
tL
)
−
(
f t
(m)
u
BR − f t
(m)
u
tR
)
f
t
(n)
u′
t′L
]
dz, (D.12)
and when t
(m)
u = t
(n)
u′ , one obtain
H(n)(x)
(
t¯
(m)
uL t
(m)
uR + t¯
(m)
uR t
(m)
uL
)
×1
2
gw
√
L
∫ zL
1
uH(n)
[
f t
(m)
u
t′L
(
f t
(m)
u
BR − f t
(m)
u
tR
)
−
(
f t
(m)
u
BL − f t
(m)
u
tL
)
f t
(m)
u
t′R
]
dz. (D.13)
For the Higgs boson H = H(0), the wave function is given by
uH(z) = uH(0)(z) =
√
2
k(z2L − 1)
z. (D.14)
Appendix E: Boson couplings
1. Vector boson trilinear couplings
The V (l)W (m)W (n) couplings for V = γ, Z, ZR are contained in∫ zL
1
dz
kz
(
−1
4
)
Tr [FµνFρσ] η
µρηνσ
⊃ igA
∫ zL
1
dz
kz
Tr
[
(∂µVˆν − ∂νVˆµ)[Wˆ+ρ , Wˆ−σ ]
+ (∂µWˆ
−
ν − ∂νWˆ−µ )[Vˆρ, Wˆ+σ ] + (∂µWˆ+ν − ∂νWˆ+µ )[Vˆρ, Wˆ−σ ]
]
ηµρηνσ
⊃ i
∑
m,n
gV (l)W (m)W (n)η
µρηνσ
{
(∂µZ
(l)
ν − ∂νZ(l)µ )W+(m)ρ W−(n)σ
− (∂µW+(m)ν − ∂νW+(m)µ )Z(l)ρ W−(n)σ + (∂µW−(n)ν − ∂νW−(n)µ )Z(l)ρ W+(m)σ
}
(E.1)
so that one finds that
gV (l)W (m)W (n) = gw
√
L
∫ zL
1
dz
kz
×
{
hLV (l)
(
hLW (m)h
L
W (n) +
hˆW (m)hˆW (n)
2
)
+ hRV (l)
(
hRW (m)h
R
W (n) +
hˆW (m)hˆW (n)
2
)
+ hˆV (l)
(
hL
W (m)
hˆW (n) + h
R
W (m)
hˆW (n) + hˆW (m)h
L
W (n)
+ hˆW (m)h
R
W (n)
2
)}
. (E.2)
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Here CW (m) = C(z;λW (m)) etc.
V (l)W (m)W
(n)
R and V
(l)W
(m)
R W
(n)
R couplings are obtained from above expression with re-
placements W (n) →W (n)R .
2. HZZ and HZZR couplings
The Higgs coupling HZ(m)Z(n) is contained in the TrFµzF
µz term
− igAk2
∫ zL
1
dz
kz
Tr
[(
∂zZˆµ
)[
Hˆ, Zˆν
]]
ηµν
⊃ −1
2
∑
n
gHZ(m)Z(n)HZ
(m)
µ Z
(n)
ν η
µν −
∑
m<n
gHZ(m)Z(n)HZ
(m)
µ Z
(n)
ν η
µν (E.3)
so that
gHZ(m)Z(n) =− gAk2
∫ zL
1
dz
kz
1
2
uH(z)
×
[
−(∂zhˆZ(m))(hLZ(n) − hRZ(n))+ ∂z(hLZ(n) − hRZ(n))hˆZ(m) + (m←→ n)] , (E.4)
where the uH(z) is given in (D.14).
Similarly, the Higgs coupling HZ(m)Z
(n)
R is contained in the TrFµzF
µz term
− igAk2
∫ zL
1
dz
kz
{
Tr
[(
∂zZˆµ
)[
Hˆ, ZˆRν
]]
+ Tr
[(
∂zZˆRµ
)[
Hˆ, Zˆν
]]}
ηµν
⊃ −
∑
m,n
g
HZ(m)Z
(n)
R
HZ(m)µ Z
(n)
Rν η
µν (E.5)
so that
g
HZ(m)Z
(n)
R
=− gAk2
∫ zL
1
dz
kz
1
2
uH(z)
×
[
−(∂zhˆZ(m))(hLZ(n)R − hRZ(n)R
)− hˆZ(m)∂z(hLZ(n)R − hRZ(n)R
)]
. (E.6)
HWW and HWWR couplings are seen in [49].
Appendix F: Decay width
For a heavy charged vector boson W ′, the W ′ →WH decay width is given by
Γ(W ′ →WH) = MW ′
192π
(
gW ′WH
MW
)2
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×
(
1 +
10M2W − 2M2H
M2W ′
+
M4W +M
4
H − 2M2WM2H
M4W ′
)
, (F.1)
and Γ(Z ′ → ZH) is obtained from the above expression by replacements of W with Z. The
decay width forW ′ → WZ is given by
Γ(W ′ → ZW ) = MW ′
192π
g2W ′WZ
M4W ′
M2WM
2
Z
×
(
1− (MZ +MW )
2
M2W ′
)(
1− (MZ −MW )
2
M2W ′
)
×
(
1 +
10(M2Z +M
2
W )
M2W ′
+
M4Z +M
4
W + 10M
2
ZM
2
W
M4W ′
)
, (F.2)
and Γ(Z ′ → W+W−) is obtained by replacements W ′ → Z ′ and Z → W .
For the decay of a heavy fermion F (mass mF ) to a light fermion f (mass mf ) and a
vector boson V (mass mV ), the decay rate is given by
Γ(F → fV ) = mF
32π
√
λ(1, mf/mF , mV /mF )
{
(gLV Ff)
2 + (gLV Ff)
2
m2Vm
2
F
[
(m2F −m2f)2
+m2V (m
2
F +m
2
f )− 2m2V
]− 12gLgRmf
mF
}
, (F.3)
where
λ(A,B,C) ≡ A4 +B4 + C4 − 2(A2B2 +B2C2 + C2A2), (F.4)
where g
L/R
V Ff are the left- and right- handed coupling of f¯FV .
For decay widths of exotic fermions t
(n)
T and b
(n)
Y , we have
Γ(t
(n)
T → tW+) =
1
32π
M
t
(n)
T
√
λ(1,Mt/Mt(n)T
,MW/MT (n))
×
{(
gL
)2
+
(
gR
)2
M2WM
2
t
(n)
T
[
(M2
t
(n)
T
−M2t )2 +M2W (M2t(n)T +M
2
t )− 2M4W
]
− 12gLgR Mt
M
t
(n)
T
}
,
(F.5)
where
gL,R = gL,R
Wt
(n)
T t
, (F.6)
are left- and right-hand couplings of t
(n)
T to tW
+. Decay width for b
(n)
Y to bW
− are obtained
by replacements
(t
(n)
T , t,W
+) → (b(n)Y ,W−, b). (F.7)
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Appendix G: Cross section
Cross sections of processes f f¯ ′ →W ′ →WH and f f¯ → Z ′ → ZH in the center-of-mass
frame are given as follows. For the process f(p1)f¯(p2)→ V ′ → V (k1)H(k2), the differential
cross section is given by
dσ
d cos θ
=
1
64π
|k|
s
√
s
g2HV ′V (|gLV ′f |2 + |gRV ′f |2)
×2M
2
V − |k|2(cos2 θ − 1)
M2V
s
(s−MV ′2)2 +M2V ′Γ2V ′
, (G.1)
where θ is the angle between p1 and k1.
|k| ≡ |k1| = |k2| =
√
λ(MV ′,MV ,MH)
2MV ′
, (G.2)
is the momentum of a final state particle. Integrating with respect to θ, and taking inter-
ferences among intermediate bosons into account we obtain
σ(f f¯ ′ → W,W ′ → WH)
=
1
N ic
1
48π
|k|√
s
3M2W + |k|2
M2W
{ ∑
V=W,W (1)
g2HVW [|gLV ff ′ |2 + |gRV ff ′ |2]
(s−M2V )2 +M2V Γ2V
+2Re
[
gHWWgHW (1)W [(g
L
Wff ′)(g
L
W (1)ff ′
)∗ + (gRWff ′)(g
R
W (1)ff ′
)∗]
[(s−M2W ) + iMWΓW ][(s−M2W (1))− iMW (1)ΓW (1)]
]}
, (G.3)
σ(f f¯ → γ, Z, Z ′ → ZH)
=
1
N ic
1
48π
|k|√
s
3M2Z + |k|2
M2Z
{ ∑
V=Z,Z(1),γ(1),Z
(1)
R
g2HV Z [|gLV f |2 + |gRV f |2]
(s−M2V )2 +M2V Γ2V
+
∑
V1,V2=Z,Z(1),γ(1),Z
(1)
R
V1 6=V2
Re
[
gHV1ZgHV2Z [(g
L
V1f
)(gLV2f)
∗ + (gRV1f )(g
R
V2f
)∗]
[(s−M2V1) + iMV1ΓV1 ][(s−M2V2)− iMV2ΓV2 ]
]}
, (G.4)
where N ic is the number of colors of initial-state fermions.
For the process f(p1)f¯
′(p2) → W (k1)Z(k2), we adopt the approximation in which the
interference term between the SM part and NP part is dropped. The cross section formulae
in the SM are found in [74]. The differential cross section mediated by heavy charged vector
bosons W ′ in the center-of-mass frame is given by
dσ
dt
(f f¯ → W ′ → WZ)
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=
1
64πs2
· 4s2A(t, u)
{ ∑
W ′∈{W (n)}
W ′ 6=W
g2W ′WZ(|gLW ′ff ′ |2 + |gRW ′ff ′ |2)2
(s−M2W ′)2 +M2W ′Γ2W ′
+
∑
W1,W2∈{W (n)}
MW≪MW1<MW2
2Re
[
gW1WZgW2WZ [(g
L
W1ff ′
)(gLW2ff ′)
∗ + (gRW1ff ′)(g
R
W2ff ′
)∗]
[(s−M2W1) + iMW1ΓW1][(s−MW2)− iMW2ΓW2]
]}
,(G.5)
where s, t and u are Mandelstam variables and A(t, u) is given in [74] by
A(t, u) =
(
ut
M2ZM
2
W
− 1
)[
1
4
− M
2
Z +M
2
W
2s
+
(M2W +M
2
Z)
2 + 8M2WM
2
Z
4s2
]
+
(
M2W +M
2
Z
M2WM
2
Z
)[
s
2
−M2W −M2Z +
(M2W −M2Z)2
2s
]
. (G.6)
Here tmin ≤ t ≤ tmax, tmin,max = 12(M2W +M2Z − s)± 12sβ, β = |k|/(
√
s/2) with |k| = |k1,2| =√
λ(MW ′,MW ,MZ)/2MW ′. Integrating dσ/dt with respect to t and using∫ tmax
tmin
A(t, u)dt =
s3β3
24M2WM
2
Z
[
1 +
10(M2W +M
2
Z)
s
+
M4W +M
4
Z + 10M
2
WM
2
Z
s2
]
, (G.7)
we obtain
σ(ff ′ → W ′ → WZ)
=
1
384π
s3β3
M2WM
2
Z
[
1 +
10(M2W +M
2
Z)
s
+
M4W +M
4
Z + 10M
2
WM
2
Z
s2
]
×
{ ∑
W ′∈{W (n)}
MW ′≫MW
g2W ′WZ(|gLW ′ff ′ |2 + |gRW ′ff ′ |2)2
(s−M2W ′)2 +M2W ′Γ2W ′
∑
W1,W2∈{W (n)}
MW≪MW1<MW2
+2Re
[
gW1WZgW2WZ [(g
L
W1ff ′
)(gLW2ff ′)
∗ + (gRW1ff ′)(g
R
W2ff ′
)∗]
[(s−M2W1) + iMW1ΓW1 ][(s−MW2)− iMW2ΓW2]
]}
.(G.8)
Formulae for the processes f f¯ → Z ′ → W+W− (Z ′ = Z(n), γ(n), Z(n)R , n = 1, 2, · · · ) can be
obtained from the above formulae by replacements W ′ → Z ′ and Z → W .
For the process f f¯ ′ → {Vi} → FF¯ where f (′), F (′) are massless fermions and Vi are vector
bosons, differential cross section is given by
dσ
d cos θ
(f f¯ → {Vi} → FF¯ ′)
=
Nfc
N ic
s
128π
{∑
i
1
(s−M2Vi)2 +M2ViΓ2Vi
×
[(|gLViff ′ |2 + |gRViff ′ |2) (|gLViFF ′|2 + |gRViFF ′|2) (1 + cos2 θ)
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+2
(|gLViff ′ |2 − |gRViff ′ |2) (|gLViFF ′|2 − |gRViFF ′|2) cos θ
]
+2Re
∑
i>j
1
(s−M2Vi)2 +M2ViΓ2Vi
1
(s−M2Vi)2 +M2ViΓ2Vi
×
[(
gLViff ′g
L∗
Vjff ′
+ gRViff ′g
R∗
Vjff ′
)(
gLViFF ′g
L∗
VjFF ′
+ gRViFF ′g
R∗
VjFF ′
)
(1 + cos2 θ)
+2
(
gLViff ′g
L∗
Vjff ′
− gRViff ′gR∗Vjff ′
)(
gLViFF ′g
L∗
Vjff ′
− gRViFF ′gR∗VjFF ′
)
cos θ
]}
, (G.9)
where θ is the scattering angle. The corresponding distribution in the transverse momentum
pT ≡ (√s/2) sin θ is obtained by
dσ
dpT
(pT , s) =
dσ
d cos θ
∣∣∣∣
cos θ=
√
1−4p2T /s
· 4pT
s
√
1− 4p2T/s
. (G.10)
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